
REPORT DOCUMENTATION PAGE
Form Approved

OMB No. 0704-0188

Public reporting burden for this collection of information is estimated to average 1 hour per response, including the time for reviewing instructions, searching existing data sources,
gathering and maintaining the data needed, and completing and reviewing the collection of information. Send comments regarding this burden estimate or any other aspect of this
collection of information, including suggestions for reducing this burden, to Washington Headquarters Services, Directorate for Information Operations and Reports, 1215 Je�erson
Davis Highway, Suite 1204, Arlington, VA 22202-4302, and to the O�ce of Management and Budget, Paperwork Reduction Project (0704-0188), Washington, DC 20503.

1. AGENCY USE ONLY(Leave blank) 2. REPORT DATE 3. REPORT TYPE AND DATES COVERED

April 1992 Reference Publication

4. TITLE AND SUBTITLE

The High Resolution Accelerometer Package (HiRAP) Flight
Experiment Summary for the First 10 Flights

6. AUTHOR(S)

Robert C. Blanchard, K. T. Larman, and M. Barrett

7. PERFORMING ORGANIZATION NAME(S) AND ADDRESS(ES)

NASA Langley Research Center
Hampton, VA 23665-5225

9. SPONSORING/MONITORING AGENCY NAME(S) AND ADDRESS(ES)

National Aeronautics and Space Administration
Washington, DC 20546-0001

5. FUNDING NUMBERS

WU 506-48-11-01

8. PERFORMING ORGANIZATION

REPORT NUMBER

L-16900

10. SPONSORING/MONITORING

AGENCY REPORT NUMBER

NASA RP-1267

11. SUPPLEMENTARY NOTES

Blanchard: Langley Research Center, Hampton, VA; Larman and Barrett: Lockheed Engineering & Sciences
Company, Hampton, VA.

12a. DISTRIBUTION/AVAILABILITY STATEMENT 12b. DISTRIBUTION CODE

Unclassi�ed{Unlimited

Subject Category 01

13. ABSTRACT (Maximum 200 words)

The High Resolution Accelerometer Package (HiRAP) instrument is a triaxial, orthogonal system of gas-

damped accelerometers with a resolution of 1 � 10�6g (1 �g). The purpose of HiRAP is to measure the
low-frequency component of the total acceleration along the orbiter vehicle (OV) body axes while the OV
descends through the rare�ed-ow ight regime. Two HiRAP instruments have own on a total of 10 Space
Transportation System (STS) missions. The aerodynamic component of the acceleration measurements was
separated from the total acceleration. Instrument bias and orbiter mechanical system acceleration e�ects
were incorporated into one bulk bias. The bulk bias was subtracted from the acceleration measurements to
produce aerodynamic descent data sets for all 10 ights. The aerodynamic acceleration data sets were input
to an aerodynamic coe�cient model. The aerodynamic acceleration data and coe�cient model were used to
estimate the atmospheric density for the altitude range of 140 to 60 km and a downrange distance of 600 km.
For 8 of 10 ights results from this model agree with expected results. For the results that do not agree with
expected results, a variety of error sources have been explored.

14. SUBJECT TERMS 15. NUMBER OF PAGES

Rare�ed-ow aerodynamics; Accelerometer measurements; Upper atmosphere 316

16. PRICE CODE

A14
17. SECURITY CLASSIFICATION 18. SECURITY CLASSIFICATION 19. SECURITY CLASSIFICATION 20. LIMITATION

OF REPORT OF THIS PAGE OF ABSTRACT OF ABSTRACT

Unclassi�ed Unclassi�ed

NSN 7540-01-280-5500 Standard Form 298(Rev. 2-89)
Prescribed by ANSI Std. Z39-18
298-102

NASA-Langley, 1992



Contents

Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1

Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1

Symbols and Abbreviations . . . . . . . . . . . . . . . . . . . . . . . . . . 1

Background . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2

Accelerometer Measurements . . . . . . . . . . . . . . . . . . . . . . . . . 2

Instrument Sensor Temperature Data . . . . . . . . . . . . . . . . . . . . . 3

Trajectory and Orientation Data . . . . . . . . . . . . . . . . . . . . . . . 4

Data Reduction Procedures . . . . . . . . . . . . . . . . . . . . . . . . . . 4

Reentry Time-Line Events . . . . . . . . . . . . . . . . . . . . . . . . . . 4

Corrections Applied to the Acceleration Measurements . . . . . . . . . . . . . 6
Removal of thruster e�ects . . . . . . . . . . . . . . . . . . . . . . . . . 6
Conversion of counts to engineering units . . . . . . . . . . . . . . . . . . 7
Correction to account for instrument o�set from center of gravity . . . . . . . . 7
Removal of random data spike . . . . . . . . . . . . . . . . . . . . . . . 8
Filling in data gaps . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8
E�ect on instrument measurements due to misalignment within
preight tolerances . . . . . . . . . . . . . . . . . . . . . . . . . . . 9

Calculating temperature bias, bias slope, and APU e�ects . . . . . . . . . . . 9
Subtracting bulk bias and bias slope to produce aerodynamic accelerations . . . 10

Analysis of Aerodynamic Acceleration Measurements . . . . . . . . . . . . . . 10

Aerodynamic Coe�cient Analysis . . . . . . . . . . . . . . . . . . . . . . . 10

Inputs to the Aerodynamic Model . . . . . . . . . . . . . . . . . . . . . . 11

The Aerodynamic Coe�cient Model . . . . . . . . . . . . . . . . . . . . . 11

Atmospheric Density Analysis . . . . . . . . . . . . . . . . . . . . . . . . 12

Summary of Atmospheric Density Analyses . . . . . . . . . . . . . . . . . 12

Possible Error Sources in Flights STS-51F and STS-61A
Component Accelerations . . . . . . . . . . . . . . . . . . . . . . . . 12
Alignment at installation . . . . . . . . . . . . . . . . . . . . . . . . 13
Sensor range modi�cation . . . . . . . . . . . . . . . . . . . . . . . . 13
Faulty instrument operation . . . . . . . . . . . . . . . . . . . . . . . 13
Calibration . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14
Adjustment to scale factor . . . . . . . . . . . . . . . . . . . . . . . . 14

Possible Errors in Estimates of Aerodynamic Coe�cients . . . . . . . . . . . 14

Possible Errors in Assumptions of Atmospheric State . . . . . . . . . . . . . 15

Concluding Remarks . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15

Appendix A|Summary of Flight Data Files . . . . . . . . . . . . . . . . . . 16

Appendix B|Orbiter Descent Event Times . . . . . . . . . . . . . . . . . . 27

Appendix C|Conversion of Temperature Counts to Temperature . . . . . . . . . 29

Appendix D|Data Tape Volume Serial Number (VSN) Identi�ers of RCS
Chamber Pressure Tapes and RCS Zero Reference Values . . . . . . . . . . . 33

Appendix E|Orbiter Weight at Entry and Center-of-Gravity Locations . . . . . . 43

Appendix F|Ground Calibration Procedure . . . . . . . . . . . . . . . . . . 44

Appendix G|Temperature Biases and Bias Slopes . . . . . . . . . . . . . . . 45

iii



Appendix H|Source Codes . . . . . . . . . . . . . . . . . . . . . . . . . 47

References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 165

Tables . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 166

Figures . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 167

iv



Summary

The High Resolution Accelerometer Package
(HiRAP) instrument is a triaxial, orthogonal system
of gas-damped accelerometers with a resolution of
1� 10�6g (1 �g). The purpose of HiRAP is to mea-
sure the low-frequency component of the total accel-
eration along the orbiter vehicle (OV) body axes to a
resolution of 1 �g while the OV descends through the
rare�ed-ow ight regime. Two HiRAP instruments
have own on a total of 10 Space Transportation Sys-
tem (STS) missions. The aerodynamic component of
the acceleration measurements was separated from
the total acceleration by a data processing system
that included removing OV rotationally induced lin-
ear accelerations, reaction control system impulses,
e�ects of orbiter mechanical systems, and instrument
bias. Instrument bias and orbiter mechanical system
acceleration e�ects were incorporated into one bulk
bias. The rate of change of instrument bias with in-
creasing temperature was evaluated. Both the bulk
bias and the trend of increasing bias with tempera-
ture were subtracted from the acceleration measure-
ments to produce aerodynamic descent data sets for
all 10 ights. This document describes the detailed
methods of converting the raw data set into the triax-
ial reentry aerodynamic acceleration data set. This
includes algorithms, discussions of the processes, and
plots of the data set. The aerodynamic acceleration
data sets were input to an aerodynamic coe�cient
model. The components of the coe�cient model are
described in the form of both algorithms and perfor-
mance envelope plots. The aerodynamic acceleration
data and coe�cient model are used to estimate the
atmospheric density for the altitude range of 140 to
60 km and a downrange distance of about 600 km.
A density ratio model is developed and presented to
verify the analysis techniques. For 8 of 10 ights
results from this model agree with expected results.
For the results that do not agree with expected re-
sults, instrument malfunction and misalignment, in-
accuracies in the processing of the data, and aero-
dynamic model assumption have been explored as
possible sources of errors.

Introduction

The primary aim of the High Resolution Ac-
celerometer Package (HiRAP) experiment is to mea-
sure the aerodynamic accelerations along the body
axes of the orbiter vehicle (OV) while the orbiter de-
scends through the rare�ed-ow ight regime. These
measurements are used to determine the aerody-
namic performance coe�cients of the OV in an atmo-
spheric region that cannot be duplicated in ground-
based research.

This report documents the analysis of in-situ
aerodynamic acceleration ight measurements from
the �rst 10 HiRAP missions. This research project
is part of the NASA Orbiter Experimental (OEX)
Program.

The purpose of this report is to present the 10
aerodynamic acceleration data sets of the HiRAP
ight experiment, document the procedure used to
produce the reentry aerodynamic accelerations from
the HiRAP measurements, and summarize the aero-
dynamic ight results. Included is a description of
the aerodynamic performance model used to com-
pare with the HiRAP measurements in view of an-
ticipated atmospheric density results. This report is
intended to serve as a reference document for anal-
ysis of future HiRAP and other acceleration experi-
ment ights and therefore includes source code list-
ings, data �le names, and constants used in these
codes.

Symbols and Abbreviations

Ax; Ay; Az X-, Y -, and Z-body-axis
components of acceleration

Ca axial-force coe�cient

Ca normalized axial-force
coe�cient

Cn normal-force coe�cient

Cn normalized normal-force
coe�cient

d orbiter mean chord length, m

g Earth acceleration of gravity,

9.8 m/sec2

L=D lift-drag force ratio

l molecular mean free path
constant, m

M orbiter mass, kg

MW76 molecular weight estimate
from 1976 U.S. Standard
Atmosphere (ref. 1)

NKn Knudsen number

p; q; r orbiter pitch, yaw, and roll
rates, deg/sec

_p; _q; _r orbiter pitch, yaw, and roll

rates of change, deg/sec2

S orbiter reference area,

249.91 m2



V orbiter velocity, m/sec

VT voltage

X; Y ; Z distance of HiRAP accelerom-
eters from orbiter center of
gravity, m

�g = 1� 10�6g

� incremental change

� misalignment angle, deg

� atmospheric density, kg/m3

Subscripts:

c corrected measurement

i index

m measured

model model value

Abbreviations:

ABET Aerodynamic Best Estimate
Trajectory

ACIP Aerodynamic Coe�cient
Identi�cation Package

APU auxiliary power unit

GMT Greenwich mean time

IMU inertial measurement unit

OADB Orbiter Aerodynamic Data
Book

OEX Orbiter Experimental

OV orbiter vehicle

PCM pulse code modulation

RCS reaction control system

STS Space Transportation System

TIF time interface �le

XBET Extended Best Estimate
Trajectory

Background

The HiRAP accelerometer package was designed
to measure high-altitude aerodynamic acceleration
on the Space Shuttle orbiter vehicle (OV) during
atmospheric reentry. The general approach is to use
the HiRAP experiment to measure the accelerations
on the OV during the unpowered gliding reentry and
descent to estimate the aerodynamic performance
coe�cients.

The HiRAP instrument uses a set of three orthog-
onal, pendulous, gas-damped accelerometers, each
with a resolution of 1 �g and a measurement range
of approximately �8000 �g. The instrument weighs
1.13 kg and its size is 8:89� 12:70� 10:16 cm. The
HiRAP instrument is mounted in the wing box on
the cargo bay, such that the orthogonal HiRAP axes
are aligned with the OV body axes. A diagram of
the HiRAP and its location in the OV are shown in
�gure 1. In this document, the axes used are oriented
as shown in �gure 1.

During the descent period of each mission, data
acquisition begins just prior to the deorbit burn,
when the orbiter is at an altitude between 250 to
300 km. Data are obtained until the X- and Z-axis
channels become and remain saturated at approx-
imately 95 to 100 km and 80 to 85 km, respec-
tively. HiRAP, therefore, has a limited lower altitude
range. The Y -axis channel saturates intermittently
as a function of aerodynamic maneuvers. The shut-
tle inertial measurement unit (IMU) instrument is
also a set of triaxial orthogonal accelerometers whose
axes are aligned with the OV body axes and is used
for shuttle guidance and control. The IMU measure-
ments of acceleration have a resolution in the range
of 1000 �g and are used in this analysis when the
HiRAP sensors saturate.

To date, the OEX HiRAP project has own
two instrument packages, S/N 001 and S/N 002,
on two orbiter vehicles, OV-099 (Challenger) and
OV-102 (Columbia). Table 1 lists the 10 STS mis-
sions on which the HiRAP instruments have own
and the instrument serial numbers, entry dates, and
cross-referencing data �le numbers and STS mission
numbers to allow correlation between this report,
prior HiRAP publications, and Johnson Space Cen-
ter (JSC) publications. HiRAP instrument S/N 002
was lost with Challenger, OV-099, on ight STS-51L
and therefore is not available for additional ights.
Figure 2 shows the descent trajectories at altitudes
from 160 to 60 km and the dates of each of the HiRAP
missions.

Numerous HiRAP measurements have been made
and analyses have been completed and documented
(refs. 2 to 8). The generalized analysis procedure
outlined in this document relies on many of the
conclusions of these more speci�c analyses.

Accelerometer Measurements

The HiRAP ight acceleration measurements are
recorded on OEX ight tapes at a rate of 174 Hz
for all ights except STS-61C, which is recorded at
112 Hz. The signal of each accelerometer sensor
channel is an analog voltage in the range of �10 V.
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The accelerometer voltages for each channel are dig-
itized and recorded as a function of time in a pulse
code modulated (PCM) data stream of 14-bit analog
binary data words.

The PCM format is used for all data collected
from all OEX experiments. The format can be de-
scribed as a two-dimensional array of 8-bit words
that form one data cycle. (The PCM format is de-
scribed in a document entitled \ACIP-PCM Data
Format Control Document," revision C of speci�-
cation 2359217 produced by the Aerospace Systems
Division of Bendix Corp., Ann Arbor, Michigan,
May 12, 1981.) This data cycle is comprised of the
encoded data from all OEX experiments on the data
bus. The HiRAP data are subcommutated within
this array.

The source code HRPSTRP is used to read the
OEX ight tapes. Appendix A contains ight data
tape volume serial number (VSN) identi�ers and �le
names. The HRPSTRP code writes a time interface
�le (TIF) science data �le containing HiRAP acceler-
ation data. (A description of the TIF format is given
in appendix A of an internal Langley Research Center
document by Karen D. Brender entitled \STS Post-
ight Output Files," which was produced in February
1982.) In the TIF format, the header contains the se-
rial number of the �le, the number of the data chan-
nels, the data label and units of each data channel,
and an 80-character title. Each subsequent record
contains the HiRAP ight data in the same order as
described by the data label and units in the header.

The times of the science measurements on the
ight tapes may be skewed, that is, show time re-
versals or duplications or be unsynchronized with
other simultaneously sampled data sets, as a result
of anomalies in initial recording quality and merging
of the various instrument data time lines. The source
code SCIREAD is used to read science data �les, re-
move these time errors, and write correct science data
�les. These science data �les are labeled SCIXXY,
where XX refers to data �le number (table 1) and
Y refers to the segment of the ight. For exam-
ple, �le SCI326 holds science data from segment 6
of the HiRAP measurement data set for ight STS-
61C. This labeling convention is used on all data �les
and source codes of this analysis. The science �les
that are output from SCIREAD are also formatted in
TIF. These �les begin with a header followed by four-
channel science data records of time, X-axis counts,
Z-axis counts, and Y -axis counts.

Although the HiRAP data sets begin at approxi-
mately the deorbit burn for each ight, the focus of
this analysis is on HiRAP measurements during the

reentry and descent portions of the orbiter trajec-
tory. Therefore, the HiRAP measurements used in
this analysis begin approximately 2000 sec after the
deorbit burn, when any atmospheric e�ects are �rst
measured, and continue through sensor saturation.
The saturation times are tabulated in appendix B.
The HiRAP sensor accelerometer count and temper-
ature data are shown for the X-, Y -, and Z-axes in
�gures 3 to 12 for all 10 ights. In these and sub-
sequent plots the time histories extend to approx-
imately 200 sec after saturation of the X-channel.
These plots are used to verify that the data are con-
tinuous and exhibit expected characteristics.

Instrument Sensor Temperature Data

HiRAP sensor temperature data are time-tagged
records of the temperature of each accelerometer dur-
ing ight. The sensor temperature directly a�ects the
acceleration measurement. These temperature data
are used in the determination of the accelerometer
bias. A synopsis of the temperature conversion algo-
rithms is that a rough measurement of sensor tem-
perature is �rst determined from the coarse tempera-
ture count. The temperature is then further resolved
within 0:06�F using one of the eight ranges of the �ne
temperature count measurement.

Temperatures are measured at each of the ac-
celerometer sensors by a thermistor. The output
from the thermistor is a �5-V signal that is digi-
tized by an 8-bit analog-to-digital converter (ADC)
placed in the PCM data stream. Two temperature
ranges are monitored for each accelerometer sensor,
�ne and coarse.

Coarse and �ne temperature count data are mea-
sured along with �5-V power supply voltage as a
function of time. The temperature count data rate
is 2.7 Hz for all ights except STS-61C, which is
recorded at a rate of 1.6 Hz. These temperature
and voltage measurements are referred to as house-
keeping data.

As with the acceleration data, the time tags of
the housekeeping measurements on the ight tapes
may also exhibit dropouts or reversals. The source
code HSKPRED is used to read the housekeeping
data stripped from the ight tapes, remove any time
errors, and write housekeeping data �les HSKPXXY.
(See appendix A for housekeeping data �le names.)
These housekeeping �les are TIF formatted. Each
data record consists of a nine-channel record of time,
�ne and coarse temperature counts for each of the
three axes, and measurement of positive and negative
power supply voltages.
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The source code TCALIB is used to read house-
keeping data �les HSKPXXY, convert the coarse and
�ne temperature counts to degrees Fahrenheit, and
write the temperature �les TCVXXY. Appendix C
gives the algorithms used to convert the temperature
counts to voltages and degrees Fahrenheit.

The temperature of the HiRAP instrument in-
creases with time during orbit and for the early por-
tion of descent prior to convective cooling. The in-
crease in temperature is generally linear with time.
When the orbiter has descended to the altitude
where cooling by atmospheric venting is e�ective,
the HiRAP temperature stabilizes and then decreases
with time until touchdown. Part d of �gures 3 to 12
shows plots of temperature versus time for each ight
and axis for the concurrent times of the HiRAP ac-
celeration measurements. The temperature histories
shown extend only to the time at which temperature
�rst begins to decrease because of convective cooling.

For all ights except STS-09, the temperature
histories show an expected continous linear increase
with time. For ight STS-09, �gure 6(d) shows an in-
terruption in temperature on the Y -axis sensor tem-
perature pro�le between 83 000 and 83 100 sec GMT.
Figure 6(e) presents the triaxial temperature pro-
�les for ight STS-09 for an earlier time phase that
shows that an interruption in temperature occurs on
all three axes.

There is no known orbiter event or instrument
response that could explain the instantaneous rise
in temperature these plots for ight STS-09 display.
Therefore, the possibility of errors in processing the
temperature count data was investigated.

An examination of the �ne and coarse tempera-
ture counts (�gs. 6(f) and 6(g)) shows that no discon-
tinuity exists in the coarse temperature count pro�le.
The discontinuity in temperature for ight STS-09
is traced to an improper ranging between �ne tem-
perature count ranges. This improper ranging does
not appear to a�ect the current calibration of any
of the axes of the HiRAP data set because the cali-
bration does not incorporate the discontinuity. The
exploration and correction of this problem have been
relegated to a future investigation.

Trajectory and Orientation Data

To identify the various e�ects on the aerody-
namic acceleration data sets, acceleration measure-
ments must be correlated with vehicle trajectory and
orientation data. The vehicle trajectory and orien-
tation data include orbiter altitude, angle of attack,
body ap deection, elevon deection, velocity, and
ground track. These trajectory data are compiled

along with the orbiter control surface data and are
written to TIF-formatted �les.

Higher altitude trajectory data are recorded on
�les labeled XBETXX, for Extended Best Esti-
mate Trajectory. Lower altitude trajectory data are
recorded on �les labeled ABETXX, for Aerodynamic
Best Estimate Trajectory. These two data sets over-
lap to some extent. However, the ABET and XBET
are determined independently, which for some ights
leads to an altitude discontinuity between the two
data sets. The di�erences for each ight are ac-
counted for in the present analysis.

Altitude and time histories of the angle of attack,
body ap angle, and elevon angle are shown on
�gures 13 to 22 for the altitude regions corresponding
to the descent portion of the 10 HiRAP mission
trajectories. These �gures are used to locate times
of orbiter attitude maneuvers, which may correlate
with signal changes in the accelerometry data sets.
Appendix B lists the GMT times and altitudes of
the �rst point in the ABET and XBET trajectory
data sets for each of the 10 orbiter ights analyzed
herein.

Data Reduction Procedures

The systems aboard the orbiter vehicle used in the
orientation and control of the vehicle during descent
produce accelerations on the vehicle. The HiRAP in-
strument measures these accelerations. The HiRAP
instrument measurements also show a bias related
to instrument temperature. The following sections
describe the procedures to reduce the HiRAP mea-
surements of the orbiter total acceleration along
each axis, including the temperature biases, to pro-
duce the aerodynamic components of the orbiter
acceleration.

Reentry Time-Line Events

An initial step in the reduction procedures is to
check the acceleration measurements for expected
characteristic signals resulting from routine events
in the orbiter reentry time line. Possible anomalies
in the acceleration histories can be identi�ed by a
quick look at the raw accelerometer counts with
time (�gs. 3 to 12). In addition, instrument power
supply voltages and temperature pro�les are checked
to determine the instrument status.

A listing of time-line events follows. Figure 23
shows X-, Y -, and Z-axis acceleration histories for
ight STS-61C, with each of these time-line events
and their characteristic signals labeled. It is impor-
tant to note that these characteristic signals are de-
scribed in units of �g (1�10�6g) in order to provide a
quick analogy to the physics of the events producing
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the acceleration signals. The procedure of converting
the raw measurements from counts to units of �g is
described in a subsequent section.

Each acceleration history is checked for 10 time-
line events as follows:

1. Thermal stabilization after power is supplied
to the instrument. The HiRAP sensor requires about
30 minutes after power up before its electronic el-
ements become thermally stabilized (temperature
rise with time is linear). Once the instrument is
thermally stabilized, each HiRAP sensor indicates
a nonzero signal that is a temperature-related bias.
The temperature bias value is unique for each sen-
sor and each ight and varies in absolute magnitude
from approximately 10 to 2500 �g. Figure 23 shows
the temperature bias after power up for ight STS-
61C to be approximately �1850, 760, and �1740 �g
for the X-, Y -, and Z-axis, respectively. Figure 23
also shows the constant slope of the average acceler-
ation signal over time (until onset of drag and lift,
which is discussed later). This slope is a measure of
the increase of temperature bias due to the increase
of temperature over time.

2. Electronic HiRAP system self check. This ap-
pears as a series of symmetric positive and negative
impulses following application of power to the instru-
ment. These positive and negative impulses are the
responses to a predetermined electronic stimulus and
are not a measure of acceleration. The self check sig-
nal is visible on all three axes during the same time
interval.

3. Ignition of the �rst auxiliary power unit
(APU). This appears only on the Z-axis as a pos-
itive shift of, on average, about 10 �g. Following the
initial jump in acceleration due to the ignition of the
�rst APU, the signal appears as a 1-Hz sine wave
with a magnitude of approximately 100 �g.

4. Deorbit burn. This signal appears as a gap
in acceleration on the X- and Z-axes (saturating
these two channels) for the duration of the deorbit
burn. On the Y -axis, the deorbit burn signal appears
as a roughly symmetrical but noisy change in the
acceleration signal of approximately �200 �g. The
deorbit burn lasts between 160 and 290 sec. For
ight STS-61C it is about 232 sec. On all axes these
signals appear between the �rst APU ignition and
the reentry pitch maneuver.

5. Pitch maneuver to set the OV reentry atti-
tude. This maneuver results in a step-function-
shaped change in acceleration of about 30 �g on the
X-axis and �30 �g on the Z-axis. This signal does

not appear on the Y -axis. The pitch maneuver oc-
curs about 60 sec after the deorbit burn.

6. Dumping of fuel from the forward RCS pod.
This fuel dump results in a step-function-shaped
shift of approximately �600 �g on the X-axis and of
approximately 100 �g on the Z-axis. The fuel dump
does not impact the Y -axis and does not occur on
every ight.

7. Ignition of the second and third APU's. This
event results in approximately a 50-�g shift on the
Z-axis only. During their operation, the APU's add
a noisy low-frequency signal to the HiRAP measure-
ments, with a magnitude ranging between �300 �g.

8. Onset of atmospheric axial-, normal- and side-
force components. As the orbiter descends, atmo-
spheric axial and normal forces produce a steadily
increasing magnitude of acceleration measured on
the X- and the Z-axis, respectively. On the Y -axis,
the large variation in signal magnitude and sign re-
sults from a combination of side force and cross-range
steering (�5000 �g).

9. Instrument saturation. When the accelera-
tions exceed �8000 �g the X- and Z-axis channels
become saturated. The Z-axis channel saturates at
an altitude between 110 and 95 km. The X-axis
channel saturates at between 95 and 80 km. Below
these altitudes the X- and Z-axis channels remain
saturated except for an occasional saw tooth-shaped
signal resulting from a large control surface change.
The Y -axis sensor signal ranges between �8000 �g
during reentry but does not saturate for extended
periods of time.

10. Reaction control system (RCS) vernier and
primary thruster �ring. The activation of these
thrusters results in spike-shaped acceleration signals.
The magnitude of the acceleration depends on the
cant and type of thruster. For the reentry and de-
scent portions of the 10 ights analyzed herein, there
is no record of instances of vernier thruster �ring. For
the purposes of future analysis of ights when vernier
thruster �ring does occur during reentry and descent,
the maximum signal magnitude is expected to be
approximately 120 �g. In the case of the primary
thrusters, the maximum signal magnitude is approx-
imately 4000 �g. The primary thrusters are used to
control the orbiter attitude until aerodynamic sur-
faces become e�ective. Therefore, primary thruster
activation occurs frequently during descent. The sig-
nal induced by these thrusters appears as a distinct
spike followed by a roughly sinusoidal dampening
lasting a few seconds. These signals are a smaller
percentage of the total signal as the magnitude of
the acceleration due to lift and drag increases. These
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signals are not shown in �gure 23 but are presented
subsequently.

Appendix B lists the GMT and altitude of the
orbiter at the times of the APU shift, the deorbit
burn, the pitch maneuver, and the X- and Z-axis
saturations for each ight.

Corrections Applied to the Acceleration

Measurements

All the HiRAP data sets had to be corrected to
account for the nonaerodynamic signals measured by
the HiRAP. Nonaerodynamic acceleration measure-
ments include the electronic self check, RCS thruster
�rings, APU operation, and linear accelerations in-
duced by orbiter rotational motion. Although crew
motions and operation of onboard machinery pro-
duce accelerations that are measurable by HiRAP,
no time line is available of crew motions or machin-
ery operation (exclusive of the APU's). However,
because the crew are strapped into their seats during
reentry, their motion-induced accelerations should be
negligible. Therefore, it is assumed in this analysis
that the vector sum acceleration of all crew activities
and machinery other than the APU's onboard the
orbiter is random.

The HiRAP instrument measurements include an
acceleration bias that depends on temperature. This
temperature bias is evident in the average nonzero
acceleration level measured by the instrument after
the instrument has thermally stabilized at an alti-
tude region of little or no aerodynamic acceleration.
As temperature increases steadily during most of the
descent portion of ight, this temperature-induced
bias also increases. This change of bias with temper-
ature is referred to as the bias slope. The tempera-
ture bias and bias slope must be removed from the
acceleration measurements. The following sections
detail the procedure of accounting for any nonaero-
dynamic signals, temperature bias, and bias slope in
the HiRAP acceleration measurement data sets.

Removal of thruster e�ects. The reaction
control system (RCS) thrusters provide attitude con-
trol for the OV at or near orbital altitudes and during
the early portion of descent where control surfaces
are ine�ective. The RCS is composed of 38 primary
thrusters and 6 vernier thrusters, which are grouped
in three locations on the orbiter. One RCS thruster
group is in the forward nose section and the other
two are located on the left and right aft thruster
pods. When the primary thrusters are activated,
the resulting acceleration signals vary in magnitude
up to approximately 4000 �g. The resulting signal

can be greater when several thrusters �re simultane-
ously or less when only a thrust component is mea-
sured. When activated, each thruster �res in bursts
of 80 msec separated by gaps of 80 msec.

It is not practical to separate the e�ect of each
RCS thruster �ring from the aerodynamic signal be-
cause the magnitude of the acceleration signal of each
thruster can vary from one occurrence to another.
Thus, sections of acceleration measurements that oc-
cur during the thruster �ring must be removed from
the measurement data set. During each ight, the
thruster �ring histories are recorded on the OEX
ight tape. By reading the times of the thruster
�rings from the OEX ight tape, the thrust compo-
nent acceleration measurements can be identi�ed and
removed.

Source code ZPRESS reads the RCS chamber
pressures from data tapes JHXX and outputs the
number of occurrences of �ring for each thruster and
the reference pressure of each �ring. The minimum
reference pressure of each thruster is identi�ed. This
is called the zero reference pressure. Source code
THRUST reads the chamber pressures and removes
X- and Z-axis acceleration measurements that occur
when any chamber pressure exceeds its zero reference
pressure. Source code GPREMXX removes Y -axis
acceleration during periods when thruster pressure
exceeds its respective zero reference value. Refer
to appendix D for the VSN identi�er of the RCS
chamber pressure tapes found in the tape library.

In addition, the interval of RCS activity is ex-
panded to compensate for synchronizing errors that
result in di�erences between the acceleration re-
sponse and the thruster chamber pressure readings.
This results in a lag of up to 1 sec between the
thruster �ring time and measured discrete acceler-
ation. Within the source code THRUST, this time
di�erence is accounted for by decreasing the initial
thrust �ring time by a lag time called TLAG. There-
fore, the interval of data to be removed starts prior
to the time recorded for the thruster �ring.

A second expansion accounts for thrust-induced
structural ringing. This ringing signal occurs after
all chamber pressures have returned to their zero
reference values following a �ring sequence. Within
the THRUST code, this second expansion occurs by
increasing the thrust �ring interval time by a time
called TLAG1.

Often thruster acceleration signals overlap. This
leads to a complete masking of the desired aerody-
namic acceleration signal because so much of the ac-
celeration data are removed with the thrust spike and
thrust ringing. A study was performed to determine
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the minimum amount of data to remove while the
thrust ringing and time synchronization problems are
still accounted for. The results are that the value of
TLAG is 0.04 sec for ights STS-06, STS-07, STS-
08, STS-09, STS-41B, STS-41C, STS-51B, and STS-
51F. For ights STS-61A and STS-61C, TLAG is 0.84
and 0.08 sec, respectively. The value of TLAG1 is
0.80 sec for ights STS-06, STS-07, STS-08, STS-
09, STS-41B, STS-41C, STS-51B, and STS-51F. For
ights STS-61A and STS-61C TLAG1 is 0.96 sec.

The acceleration data for the expanded time scale
shown in �gure 24 clearly show the thruster �ring and
the ringing for ight STS-61C. The thrust signal is
indicated by the large, spike-shaped signal followed
by dampening in the X- and Z-axis acceleration
histories. In this case, the Y -axis is not impacted
signi�cantly by the thrust signal, but it is for other
thruster �rings.

Figure 25 shows an example of the expanded scale
e�ects of thrust signal removal for ight STS-61C.
The greater variation of the Z-axis data is due to
the accelerations induced by the APU activity. In
some cases, spike-shaped signals remain in the data
following the thrust removal analysis. The reason for
this is not currently known but may be related to
the quality of the RCS data tapes. These spikes are
removed later.

Conversion of counts to engineering units.

The accelerometer count data are converted to engi-
neering units with a temperature-independent scale
factor for ights STS-06, STS-07, STS-08, STS-09,
STS-41B, STS-41C, STS-51B, and STS-61C. In these
cases when scale factors are assumed constant, the
scale factors are applied in source code JTRATES
for the X- and Z-axis accelerations and in source
code YCONVXX for the Y -axis acceleration. These
converted X- and Z-axis acceleration measurements
are contained in �les NTCXX and converted Y -axis
measurements are contained in �les MGWTHXX.

Flights STS-51F and STS-61A were instrumented
with the modi�ed version of HiRAP S/N 002. The
instrument was modi�ed by the application of a
large positive bias to create an o�set of the signal
of 7000 �g. Also, as part of the instrument modi�ca-
tions, a procedural change was introduced, namely,
to evaluate scale factor as a function of tempera-
ture monitor voltages. The relationship of scale fac-
tor to temperature monitor voltages provided by the
ground calibration is used. For these cases, the scale
factors are applied in source code ORBPLOTA for
the X- and Z-axis accelerations and in source code
YCONXX for the Y -axis acceleration. These con-
verted X- and Z-axis acceleration measurements are

contained in output �les MGXX and the converted
Y -axis acceleration measurements are contained in
output �les MGWTHXX. The scale factors for each
axis and instrument are presented in table 2.

The temperature dependency of the scale fac-
tors of the modi�ed instrument S/N 002 was eval-
uated to determine its e�ect on the acceleration
measurements. For a typical change in monitor volt-
age over the descent period, the scale factor change
(and subsequently the acceleration change) is approx-
imately 0.25 percent. For example, at an accelerom-
eter reading of 16 383 counts (full scale), the value of
acceleration after conversion with the temperature-
dependent terms for scale factor is 8019 �g. The
value of acceleration after conversion, disregarding
the temperature-dependent terms for scale factor, is
7999 �g. Figures 26 to 35 show the time histories of
reentry and descent acceleration measurements after
the conversion from counts to engineering units and
after thrust spikes have been removed.

Correction to account for instrument o�set

from center of gravity. The HiRAP instruments
are not mounted at the orbiter centers of gravity. Be-
cause of this o�set, HiRAP measures linear accelera-
tions that are induced by orbiter rotational motions.
Once the conversion to engineering units is made,
the X- and Z-axis acceleration histories are corrected
with the program JTRATES to remove these induced
linear accelerations. This procedure does not include
removing induced accelerations from the Y -axis ac-
celeration histories because the o�set of the Y -axis
sensor from the center of gravity is so small that the
error due to induced accelerations on the Y -axis is
insigni�cant.

The induced accelerations are calculated with the
distance between the accelerometer mounting loca-
tions and the ight-dependent location of the cen-
ter of gravity at approximately 122 000 m (entry
interface). Center-of-gravity locations and reentry
OV mass values are tabulated in appendix E for all
10 ights. The XBETXX �les hold orbiter rotational
rates and rates of change. These �les are input to
program JTRATES along with �les NTCXX (or, in
the cases when a temperature-dependent scale fac-
tor is used in the conversion process, �les MGXX).
Program JRATES reads the 1-Hz rotational rates,
calculates the resulting induced accelerations, inter-
polates the induced accelerations to the HiRAP data
rate, and subtracts the induced linear accelerations
from the HiRAP measurements. The corrected ac-
celerometer data are written to �le CGXX.

7



The complete induced acceleration matrix is as
follows:

2
64
�Ax

�Ay

�Az

3
75

=

=

=

2
64
X

Y

Z

3
75
2
64
�(q2 + r2)(pq � _r)(pr+ _q)

(pq + _r)� (p2 + r2)(qr� _p)

(pr � _q)(qr + _p)� (p2 + q2)

3
75

where

�Ax induced linear acceleration along X-axis

�Ay induced linear acceleration along Y -axis

�Az induced linear acceleration along Z-axis

X distance along X-axis of HiRAP to
orbiter center of gravity

Y distance along Y -axis of HiRAP to
orbiter center of gravity

Z distance along Z-axis of HiRAP to
orbiter center of gravity

p pitch rate

q yaw rate

r roll rate

_p pitch rate of change

_q yaw rate of change

_r roll rate of change

Noise is introduced to the acceleration data by in-
cluding rotational rates of change in the calculation
of induced linear accelerations. This is due to nu-
merical di�erentiation of the gyro data. The error in
excluding the e�ect of rotational rates of change is
on the order of 1 �g (except for data segments dur-
ing the deorbit maneuver, which are not analyzed
herein). Therefore, after removing the Y -axis correc-
tion and the rates of change terms, the algorithm to
correct for induced accelerations reduces to

"
�Ax

�Az

#
=

=

"
X

Z

# "
�(q2 + r2)(pq)(pr)

(pr)(qr)� (p2 + q2)

#

With improvement in the resolution of the rotational
data, it may be possible to more precisely account
for the induced linear accelerations due to rotational
rates of change.

It is important to note that the corrected ac-
celerations in the CGXX �le begin at the time the

XBETXX �le begins. This time occurs prior to the
aerodynamic region of study, as the XBETXX �les
begin at approximately deorbit burn. Should higher
altitude orbiter angular velocity data be required, the
data given by the Aerodynamic Coe�cient Identi�-
cation Package (ACIP) experiment may be used.

Removal of random data spike. This analysis
is performed to remove from the X- and Z-axis
acceleration histories any remaining random data
spikes that were not identi�ed on the RCS tapes.
The name of the source code used is THFIT, and
it removes data from both the X-axis and the Z-
axis that exceed a bandwidth around the mean. The
magnitude of the bandwidth depends on altitude for
the Z-axis. The bandwidth is 75 �g at times prior
to the start of the APU's and 225 �g after this time.
For the X-axis, the magnitude of the bandwidth is
constant at 45 �g. This step of the analysis is not
done for the Y -axis because of the highly variable
nature of acceleration along this axis.

The input to source code THFIT is �le CGXX.
The output �les are FITXX(X) and FITXX(Z) for
the X- and the Z-axis, respectively. These �les hold
data from which all random data spikes have been
removed. Code RCOMBIN reads �les FITXX(X)
and FITXX(Z) and writes the recombined X- and
Z-axis data in �le FITXX. Figures 26 to 35 show
the acceleration data after the data spikes have been
removed.

Filling in data gaps. Data gaps created by
the thrust and spike removal processes are �lled so
that acceleration histories are continuous with time.
Source code FILLSQR is used for the X- and Z-axis
accelerations and source code FILLCDE is used for
the Y -axis acceleration. Both programs calculate �ll
data in a similar procedure. First, the mean, slope,
and standard error � of data adjacent to gaps are
evaluated with linear regression. Then data that fall
outside �3� of the line are culled. The standard
error of the remaining data is then evaluated, and
data outside the �3� �t found by the regression are
again removed. The �ll data are then calculated
to replicate the standard error, slope, and mean of
these remaining data. The �ll data then replace all
points missing because of thrust removal. Plots of
the resulting X-, Y -, and Z-axis acceleration data
are shown in �gures 36 to 45. Comparing these �lled
data sets with the FITXX �les in �gures 26 to 34
shows how the time continuity is maintained without
signi�cantly altering the aerodynamic acceleration
data set.
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E�ect on instrument measurements due

to misalignment within preight tolerances.

Alignment of the internally orthogonal HiRAP axes
relative to the orbiter body axes is checked when the
instrument is installed. For each HiRAP installation
on the OV, the alignment check indicated the HiRAP
axes were aligned within the preight tolerance of
5 arc minutes.

The error due to misalignment of the HiRAP in-
strument when alignment is within tolerances would
be greatest on the X- and Y -axes. This is because
of larger forces on the Z-axis. To illustrate, the cor-
rected acceleration along the X-axis Ax;c can be rep-
resented as a function of the measured acceleration
in the X- and Z-directions as follows:

Ax;c = Ax;m cos � +Az;m sin �

where

Ax;c corrected acceleration on X-axis

Ax;m HiRAP X-axis channel acceleration
measurement

Az;m HiRAP Z-axis channel acceleration
measurement

� misalignment angle, deg

For � = 5 arc minutes, at an altitude of about
100 km, the above relation gives the error due to
misalignment to be approximately 1.5 percent of the
measured force along the X-axis. This is equivalent
to an absolute error of approximately 5 �g. As there
is no information to de�ne the alignment angles to
an accuracy greater than the alignment tolerances,
no attempt is made to account for any misalignment
within the preight tolerances.

Calculating temperature bias, bias slope,

and APU e�ects. The temperature bias of each
sensor was evaluated for a large range of tempera-
tures and varying temperature rates of change in the
laboratory before installation and after any modi�-
cations. The previous baseline analysis of HiRAP
ight data used results of these laboratory calibra-
tions to calculate temperature bias and bias slopes.
(See appendix F for an explanation of the ground
calibration procedure.) However, the laboratory cali-
brations consist of a limited set of accelerometer data
performed in a laboratory environment of 1g and do
not simulate the acceleration environment of reen-
try. As a result, it was decided to evaluate tempera-
ture bias and bias slope for each ight using accelera-
tion measurements. In the free-molecular-ow ight

regime (above an altitude of approximately 160 km),
the aerodynamic accelerations on the orbiter are less
than 1 �g. Therefore, if all thruster, APU, and other
orbiter environmental e�ects can be accounted for,
the bias and bias slope of the HiRAP measurements
due to temperature change can be evaluated.

Laboratory results show that for HiRAP S/N 001
the bias slope changes with temperature. For the
full range of temperatures in the laboratory test
(from 30� to 120�F), bias slope can change by up to
40 percent (ref. 9). However, for instrument S/N 001,
laboratory results show that for the more limited
temperature changes during descent (approximately
4�F change), the e�ect of neglecting the change in
bias slope in the calibration of the acceleration data
is on the order of 1 �g. Therefore, in this analysis,
for each ight, bias slope is assumed to be constant
over the period of descent.

The three APU's on the orbiter are started
after the deorbit burn but prior to occurrence of at-
mospheric e�ects. The APU's idle in standby, pre-
pared to provide power for the hydraulic ight con-
trol systems during reentry. The exhaust from each
APU produces an acceleration signal at a frequency
of about 1 Hz. This exhaust signal strongly impacts
acceleration along the Z-axis because of the align-
ment of the APU exhaust ports. The exhaust signal
varies over less than 1 sec because the fuel feed is
pulsed during operation. The magnitude of the sig-
nal varies from �300 �g on the Z-axis. The average
magnitude of the signal over time scales greater than
2 sec is approximately constant. Therefore, for the
purposes of this analysis, the APU signal is treated
as a bias in the acceleration measurements.

There is some error associated with treating the
APU signal as a bias. This error is due to the
asymmetry of the APU signal. The APU signal is
greatest in the negative direction on the Z-axis. The
extent of asymmetry was calculated for one ight.
In this case, the arithmetic di�erence between the
1-sec mean and the 1500-point median of a segment
of Z-axis data (after APU start and before reentry)
is approximately 10 �g. Until more accurate methods
of removing the e�ect of the APU are developed, the
value of the bias will be in error by approximately
this amount.

The three APU's are running after thermal gra-
dients of the HiRAP have stabilized. Thus, a bulk
bias, made up of APU bias and temperature bias,
can be evaluated from HiRAP measurements when
all APU's are running. This bulk bias must also be
evaluated before the HiRAP measures aerodynamic
accelerations.
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The start time of the calibration period is set for
at least 10 sec after all APU's have been started.
The total length of time for the calibration period
is chosen to maximize the amount of data and thus
ensure the APU bias will be approximately constant.
The end times of the calibration period for each ight
are adjusted so that the total calibration period lasts
400 sec but excludes data containing atmospheric
e�ects.

The acceleration data sets used to evaluate the
bulk bias and bias slope are data sets for which
thruster e�ects and induced linear accelerations have
been removed. With the use of these corrected
measurements, data that exceed the mean by 3� are
removed. The bulk bias is calculated by evaluating
the resulting mean value of acceleration for each axis.
The bias slope is calculated by evaluating the change
of the mean value of acceleration with temperature
over the 400-sec calibration period. This method was
applied to all 10 ights.

An alternate method is used to evaluate the bulk
bias. This method starts with acceleration data
sets that still contain RCS thrust. To eliminate
the RCS thrust signal, only those data points that
vary in magnitude from adjacent points by greater
than the exhaust thrust signal from one APU are
removed. Also, to account for lead and lag times
to thruster activity, data just prior to and following
these periods are also removed. The remaining data
are �t to a line and the intercept is calculated. The
biases calculated with this method are within 4 �g of
the biases calculated with the �rst method for RCS
thruster removal.

Appendix G lists the bias and bias slope results
found with both the thrust removal method and the
alternate statistical method for the Z-axis. The
comparative values given by the ground calibration
are also shown. The biases and bias slopes for the X-
and the Y -axis are calculated only with the thrust
removal method.

The method used to evaluate bulk bias that does
not require processing of RCS thrust data is approx-
imately as accurate as the method that does. In
the event that thrust data are not available at the
time HiRAP acceleration data sets are processed, this
method provides a reasonably valid means of evalu-
ating the bulk bias and bias slope.

Subtracting bulk bias and bias slope to pro-

duce aerodynamic accelerations. The bulk bias
for each axis is subtracted from the acceleration data
starting at the beginning of the 400-sec calibration
period and continuing to saturation or, in the case

of the Y -axis, to the time when the sensor temper-
ature begins to decrease. The bias proportional to
increasing temperatures is then subtracted from the
acceleration data. The resulting acceleration data
are considered to be the best measurement of the
aerodynamic component accelerations of the orbiter
during reentry.

These full rate acceleration histories are averaged
over 1 sec for use in another phase of analysis. Source
code TYMAVG is used to average X- and Z-axis
data, while source code INTTIM is used to average
Y -axis data. Figures 46 to 55 show the 1-sec averaged
reentry aerodynamic acceleration data sets for each
ight and axis.

The source codes used in the data reduction dis-
cussed herein are given in appendix H.

Analysis of Aerodynamic Acceleration

Measurements

The HiRAP acceleration data set has been mod-
i�ed to remove or account for all recognized non-
aerodynamic forces. As these data represent only
the aerodynamic forces on the OV during unpow-
ered reentry through the rare�ed-ow regime, perfor-
mance and state analyses may be performed. Two
of these analyses, characterization of the aerody-
namic force coe�cients and an estimation of the at-
mospheric density, are performed and the results are
presented in this document.

Aerodynamic Coe�cient Analysis

The reentry aerodynamic acceleration measure-
ments represent the atmospheric e�ects on the or-
biter as it descends through varying regions of ow
conditions. Wind tunnel tests are used to provide es-
timates of orbiter aerodynamic coe�cients at lower
altitudes approaching the hypersonic-continuum-ow
regime (less than about 60 km). Computer simu-
lations are used to estimate OV aerodynamic per-
formance coe�cients at orbital altitudes in the free-
molecular-ow regime (greater than about 160 km).

A previous analysis (ref. 5) used HiRAP ight
measurements to develop an aerodynamic model that
provides estimates of the orbiter aerodynamic coef-
�cients in the transitional-ow regime between the
continuum- and free-molecular-ow regimes:

Ca = exp
h
�A (B � log10NKn)

C
i

(1)

Cn = exp
h
�D (E � log10NKn)

F
i

(2)

where

Ca normalized axial-force coe�cient
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Cn normalized normal-force coe�cient

A = 0.2262

B = 1.2042

C = 1.8410

D = 0.2998

E = 1.3849

F = 1.7120

This model uses input axial and normal components
of aerodynamic acceleration to calculate the aero-
dynamic coe�cients of the orbiter along its descent
path. It includes the e�ects of orbiter attitude and
control surfaces. The results of the model are com-
pared with the expected results as a measure of the
accuracy of the input accelerations.

The HiRAP X- and Z-axis aerodynamic accelera-
tion histories presented herein are input to the model,
along with orbiter orientation and control surface de-
ections. The model is run for all altitudes between
the highest altitude for which atmospheric e�ects are
sensed by the HiRAP instrument and 60 km. For the
purposes of this analysis, the highest altitude is the
altitude at which simultaneous 1-sec averages of the
X- and Z-axis accelerations are negative (an indica-
tion of atmospheric drag).

The following sections describe how the model
works and present the results from the model used
with the aerodynamic acceleration histories pre-
sented in this report.

Inputs to the Aerodynamic Model

To create continuous aerodynamic acceleration
histories for altitudes above 60 km, where the HiRAP
instrument saturates, accelerations measured by the
IMU's (ref. 10) are used. The IMU-derived accelera-
tions are at a 1-Hz data rate. Source code MERG
replaces saturation values of 1-sec averages of the
HiRAP aerodynamic accelerations with the IMU-
derived accelerations. The XBETXX and ABETXX
are input �les to MERG. The result is a continu-
ous record of the X- and Z-axis accelerations with
simultaneous velocity, attitude, and control surface
deection data written to �le HKDATXX.

The Aerodynamic Coe�cient Model

Source code MTEST88 contains the algorithms
of the aerodynamic coe�cient model. The model
provides parameterizations of the axial and normal
coe�cients of the orbiter as functions of Knudsen
number Kn as shown in equations (1) and (2).

Figure 56 shows a plot of the normalized coe�-
cients Ca and Cn as functions of Knudsen number.
The values of Ca and Cn can be calculated from the
normalized values given by equations (1) and (2) and
the values of these coe�cients in the free-molecular-
and continuum-ow regions, as shown below:

Ca = Ca;c +
�
Ca;f � Ca;c

�
Ca

Cn = Cn;c +
�
Cn;f � Cn;c

�
Cn

where c refers to the continuum-ow coe�cient value
and f refers to the free-molecular-ow coe�cient
value. The continuum- and free-molecular-ow co-
e�cient values are functions of angle of attack, body
ap, and elevon. The functions that de�ne the
changes of these coe�cients with control surfaces are
compiled from the results of a previous analysis of
HiRAP ight L=D measurements (ref. 5) and from
the L-7 Orbiter Aerodynamic Data Book (OADB,
ref. 11). Figures 57 to 59 show the hypersonic-
continuum-ow value for the OV normal- and axial-
force coe�cients with angle of attack, body ap, and
elevon.

Before equations (1) or (2) can be evaluated, the
Knudsen number must be known. Knudsen number
and atmospheric density are related by

NKn =
(MW76l)

�d
(3)

where

MW76 mean molecular weight estimate from
1976 U.S. Standard Atmosphere (ref. 1)

l molecular mean free path constant

d mean chord of orbiter

� atmospheric density

As there is no measurement of density along the
descent path, density must be implicitly derived with
an iterative procedure. The MTEST88 program
solves for a value of Knudsen number that satis�es

Ci;model �Ci;m = 0� 0:001 (4)

where i represents axial or normal coe�cient.

The de�nition of the measured aerodynamic co-
e�cients Ci;m is

Ci;m = Ai;m

�
1

2
�V 2 S

M

�
�1

(5)

where

Ci;m axial or normal coe�cient
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Ai;m 1-sec average of measured axial or
normal acceleration

S orbiter reference area

M orbiter mass

V orbiter velocity

These de�nitions show that the accuracy of the result
for a density that satis�es equation (4) depends
partly on the accuracy of the measured axial or
normal accelerations Ai;m for a given aerodynamic
model.

Atmospheric Density Analysis

An initial value of density is required to start the
iteration. The initial density estimate is calculated
by

�o = Az;m

�
1

2
V 2 S

M
Cn

�
�1

where �o is the initial value of density, Cn is the aver-
age of the OADB free-molecular-ow and continuum-
ow values of Cn, and Az;m is the normal acceleration
measurement. Because Cn varies only about 17 per-
cent in the transition from the free-molecular-ow
regime to the continuum-ow regime, this initial es-
timate has an error of about 8.5 percent.

The program �rst converges on a value of den-
sity using normal acceleration. To start the itera-
tion, Cn is calculated from the estimate of density
and equation (4) is evaluated. For each cycle of the
iteration procedure, the program changes the esti-
mate of density by increments. These increments are
determined by the Newton-Raphson method and are
proportional to the di�erence between Cn and Cn;m,
where Cn;m is a coe�cient formed by the measure-
ment of normal acceleration and the current iterated
value of density. The iteration continues until the dif-
ference between consecutive density estimates is less
than 0.1 percent (indicating a satisfactory solution
has been found). The program repeats the above
procedure to converge on a value of density using
axial accelerations (i.e., the program converges on a
value of density that satis�es the relation in eq. (4)).

Because the axial coe�cient varies by approxi-
mately 100 percent between the free-molecular-ow
and the hypersonic-continuum-ow regime, the ini-
tial density estimate used in the axial density calcu-
lation is the same as that in the normal acceleration
iteration procedure.

Summary of Atmospheric Density

Analyses

The MTEST88 program calculates a density de-
rived from normal accelerations, and a density de-

rived from axial accelerations, for each 1-sec average
of the reentry and descent acceleration histories used
in the aerodynamic analysis. The expected result is
that these densities derived from separate measure-
ments are equal.

Parts a of �gures 60 to 69 show pro�les of the ratio
of the density derived from the normal acceleration to
the density derived from the axial acceleration. The
expected result is that density ratio pro�les vary less
than 1 percent in the altitude region of 60 to 120 km.
Within this region, variations of greater magnitude
are expected to occur, but these occurrences should
generally be short-term. The density ratio pro�le at
altitudes above 120 km is expected to show greater
variations because of the varying APU signal.

For 8 of the 10 ights, density ratio results match
expected results. However, for ights STS-51F and
STS-61A, the density derived from the normal accel-
eration di�ers from the density derived from the axial
acceleration by more than 15 percent for an extended
portion of the pro�le (at altitudes of 95 to 110 km).

For the eight ights for which density ratio re-
sults do match expected results, the density pro�le
results are compared with the 1976 U.S. Standard
Atmosphere (ref. 1) density pro�les. These results
are shown in parts b of �gures 60 to 69, where cal-
culated density is normalized against the 1976 U.S.
Standard Atmosphere value. In this comparison, the
density used is derived from the HiRAP axial acceler-
ation measurements from the highest altitude of the
aerodynamic analysis to that altitude at which the
HiRAP axial channel saturates. Below this satura-
tion altitude, the density pro�les are derived with
IMU normal axis acceleration measurements. For
these ights, the calculated densities di�er from those
of the 1976 U.S. Standard Atmosphere by �50 to
20 percent at higher altitudes. These variations may
in part be due to the origin of the Standard Atmo-
sphere assumptions, particularly the uncertainties at
high altitudes.

Density ratio results of ights STS-51F and STS-
61A indicate the possibility of errors in the aerody-
namic component accelerations. Also, density ratio
results for these ights could indicate possible errors
either in the parameterizations of the aerodynamic
coe�cients in the transition-ow regime or in the as-
sumptions of atmospheric state in the iteration pro-
cedure. Each of these areas was investigated and the
results are presented below.

Possible Error Sources in Flights STS-51F

and STS-61A Component Accelerations

Errors in the density ratio results of the
MTEST88 program occur if the Ci;m parameters of
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equation (4) are inaccurate. The de�nition of Ci;m

given by equation (5) shows that the accuracy of
this parameter is directly dependent on the measured
aerodynamic acceleration components Ai;m.

Errors in the measurement or processing of the
aerodynamic acceleration data sets could occur at a
number of the stages in the experiment and in the
analysis. Sensor malfunction seems to be a proba-
ble source of error because ights STS-51F and STS-
61A were both instrumented with the modi�ed ver-
sion of HiRAP S/N 002. For example, the instrument
on these two ights had unique characteristics asso-
ciated with alignment at installation, sensor range,
scale factor, and instrument performance. In the
processing of the data sets, errors in the calculation
of the bias and bias slopes would produce errors in
the results. Each of these error sources was investi-
gated and the results are described in the following
paragraphs.

Alignment at installation. If the HiRAP in-
strument is misaligned with the orbiter body axes
at installation or knocked from its original align-
ment later, its measurements will not be represen-
tative of accelerations along the orbiter body axes.
In this case, if we assume the IMU instrument is
aligned along the orbiter body axes, simultaneous
HiRAP and IMU measurements will di�er. To in-
vestigate how well HiRAP and IMU measurements
agree, the average di�erences between HiRAP ac-
celeration measurements and IMU acceleration mea-
surements in an altitude region just prior to HiRAP
saturation are evaluated. The average di�erences for
all ights are 171, 391, and 184 �g for the X-, Y -, and
Z-axis acceleration, respectively. For ights STS-51F
and STS-61A, di�erences for each axis are less than
the average di�erences calculated with results for all
ights. Thus, based upon the agreement between
IMU and HiRAP data it appears that misalignment
is not a source of error.

However, it was decided to evaluate to what
extent compensating for misalignment would a�ect
density ratio results. To do this, various misalign-
ment con�gurations were modeled and applied to the
measured acceleration data Ai;m. For � degrees of
misalignment in the X-Z plane, the corrected accel-
erations Ai;c would be

Ax;c = Ax;m cos � +Az;m sin �

Az;c = Az;m cos � �Ax;m sin �

Because the magnitude of the Z-axis signal is ap-
proximately 10 times that of the X-axis signal at

altitudes of 95 to 110 km, relatively small angles of
misalignment would change axial acceleration greatly
if some part of the normal signal were impacting the
axial measurement. The input data of X- and Z-axis
HiRAP accelerations are adjusted to simulate the ef-
fect of correcting for misalignment. For a 1� mis-
alignment in the X-Z plane (� = �1�), the results of
the density ratio pro�le are shown in �gure 70. These
results show much improvement over the original re-
sults in the altitude region of 95 to 110 km. However,
the average di�erence between IMU and HiRAP ac-
celerations is recalculated for each axis and is much
greater than the di�erence for the original accelera-
tions. Thus the analysis of alignment errors and their
e�ects on the density ratio results does not resolve
the anomaly in the results for ights STS-51F and
STS-61A. In addition, the introduction of alignment
errors produces an IMU-HiRAP mismatch.

Sensor range modi�cation. As part of the
measurement range modi�cation to the HiRAP
S/N 002 instrument, a large positive bias was applied
to the instrument. This results in approximately
twice the range capability for the modi�ed S/N 002
than for the S/N 001 or the unmodi�ed S/N 002.
However, the results of the laboratory calibration of
the modi�ed S/N 002 (ref. 11) present a value for
scale factor that is approximately equal to that for
the S/N 001 (ref. 10) and for the unmodi�ed S/N 002
(ref. 12). Initially this result was unexpected because
of the large di�erences in range capability.

The laboratory calibrations of the sensors were
checked to ensure that an incorrect value of scale
factor is not being applied to the measurements.
Subsequently it was found that the sensor scale factor
does not change because of the range modi�cation
(private communication from Doug Thomas, KMS
Fusion, Inc., Ann Arbor, Michigan).

Also as part of the modi�cation procedure, scale
factor was evaluated as a function of temperature
monitor voltage. An incorrectly compensated scale
factor of the modi�ed HiRAP S/N 002 in the accel-
eration data sets was investigated. However, it was
found that the temperature dependency of scale fac-
tor has no signi�cant impact on the results. The
scale factor used for ights STS-51F and STS-61A
acceleration data sets does not appear to be in error.

Faulty instrument operation. Laboratory cal-
ibration results for the unmodi�ed HiRAP S/N 002
show that the instrument failed at certain tem-
peratures. Part of the purpose of modifying the
HiRAP S/N 002 is to �x these failure points. Al-
though the laboratory calibration results for the
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modi�ed HiRAP S/N 002 instrument do not indicate
any instrument malfunction, it is unlikely but possi-
ble that a failure could still occur at certain temper-
atures. If a failure does occur, it could be associated
with internal synchronization within the instrument,
that is, certain elements of the electronics become out
of phase with other component elements during ight
(ref. 8). This could result in errors in acceleration on
the order of 100 �g, and is most likely to occur in
the range of approximately 95�F. From the ignition
of the three APU's to landing, sensor temperatures
change from 74� to 79�F and from 96� to 102�F for
ights STS-51F and STS-61A, respectively. With the
loss of HiRAP S/N 002 on Space Shuttle Challenger

there is no way to determine if an instrument failure
did occur. This remains a possible source of error.

Calibration. The ight post-APU (i.e., after all
APU initiations) calibration of the bias and tem-
perature bias slopes of ights STS-51F and STS-
61A could be incorrect. These parameters are
compared with laboratory results for the modi�ed
HiRAP S/N 002 instrument. For the X- and the Z-
axis on both ights, the greatest di�erence between
the calculated result and the laboratory result for
acceleration bias is approximately 1 percent (or ap-
proximately 70 �g). As instrument bias is expected
to drift with time, this di�erence is considered to be
within a normal range.

For ights STS-51F and STS-61A, the greatest
di�erence between the calculated result and labora-
tory result for bias slope occurs for the X-axis for the
STS-61A acceleration history and is approximately
20 percent (or approximately 4 �g=�F). The dynamic
laboratory calibration of HiRAP S/N 001 (ref. 13)
shows that changes of bias slope with temperature of
approximately 30 percent occur over the full temper-
ature range of laboratory calibration. However, the
only calibration of the modi�ed HiRAP S/N 002 in-
strument was a static calibration, so that bias slopes
for this instrument are available only for a limited
number of temperatures. Therefore, as the bias of
HiRAP S/N 001 instrument is shown to change by
30 percent in the laboratory calibration, there is no
reason to conclude that the calculated bias slope dif-
ference of 20 percent from the laboratory calibration
value for the modi�ed S/N 002 is abnormal.

As a �nal check of the calibration of the acceler-
ation histories for ights STS-51F and STS-61A, it
was decided to apply the laboratory results for bias
and bias slope in the calibration of these data sets
to see if the aerodynamic analysis results would im-
prove. However, the density ratio results for both

ight STS-51F and ight STS-61A with these recal-
ibrated data sets are very similar to the results with
acceleration data calibrated from the post-APU pro-
cedure. It should be noted that the post-APU cali-
bration worked on eight ights. Therefore, the post-
APU procedure for calibrating the acceleration data
sets appears to be acceptable.

Adjustment to scale factor. If the magnitude
of axial acceleration were increased and/or the mag-
nitude of the normal acceleration were decreased in
the acceleration histories of ights STS-51F and STS-
61A, the density ratios would more closely approach
1.0 in this region. To test this, a new set of accelera-
tion histories was generated for both ight STS-51F
and ight STS-61A. For the new set, the scale fac-
tor used on the X-axis for each ight was decreased
by 5 percent over the laboratory value, the result
being an increase in X-axis acceleration. Also, the
scale factor of the Z-axis was increased by 5 per-
cent, the result being a decrease in Z-axis acceler-
ation. The MTEST88 program was run with the
new data sets as input. The density ratio results did
improve for each ight. However, the agreement be-
tween IMU and HiRAP acceleration measurements
is considerably worse than it was before scale factor
was changed. Thus an adjustment to scale factor is
not an acceptable remedy to the HiRAP acceleration
data sets.

Possible Errors in Estimates of

Aerodynamic Coe�cients

As described in the section explaining the aero-
dynamic performance model, the purpose of the
MTEST88 source code is to converge on a value of
density that satis�es equation (4). From this equa-
tion, it can be seen that the density results would be
in error if the value of Ci;model were in error.

The aerodynamic model includes the e�ects of
orbiter attitude changes. However, the model could
be in error for only certain attitude con�gurations.
For this case, the error in the results would be limited
only to ights during which this attitude occurred.

Flights STS-51F and STS-61A have very similar
attitude histories. To determine if the errors in the
density ratio results are correlated with attitude, the
density ratio results are plotted along with normal
coe�cient versus altitude for ight STS-61A in �g-
ure 71. Any short-term variation of normal coef-
�cient is due to attitude change. From �gure 71,
there does not appear to be a correlation between
the short-term variation in normal coe�cient and the
17-percent error in the density ratio results at alti-
tudes of 95 to 110 km. As short-term variation in the
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normal coe�cient is predominantly due to changes in
angle of attack, the error in the density ratio results
does not appear to be linked to changes in angle of
attack. However, the density ratio results may be
linked with other functions of the model, such as the
compensation of body ap and elevon. These have
not been evaluated.

Possible Errors in Assumptions of

Atmospheric State

The MTEST88 program results for density ratio
are a�ected by the assumed molecular weight pro-
�le because the value of Knudsen number used in
the iteration depends on molecular weight, as shown
in equation (3). Presently, the assumed molecular
weight pro�le of the MTEST88 program is the 1976
U.S. Standard Atmosphere (ref. 1) pro�le for molecu-
lar weight. This model atmosphere represents a best
estimate of the average atmospheric state over all
latitudes, longitudes, and solar activity. Therefore,
this model provides a value of atmospheric state as
a function of a single variable, altitude.

Below the turbopause, at approximately 90 km,
constituents of the atmosphere are completely mixed.
Above the turbopause, molecular weight varies with
latitude, longitude, and solar activity because the
constituents are di�use enough to react indepen-
dently to solar activity. Therefore, at any altitude
above the turbopause, the actual atmospheric molec-
ular weight at the position of the orbiter trajectory
may vary considerably from that value given by the
1976 U.S. Standard Atmosphere. Also, adjustments
to the height of the turbopause of up to 20 km from
its 1976 U.S. Standard Atmosphere value of 88 km
may be realistic.

The impact of changing the assumed molec-
ular weight on the density ratio results of the
MTEST88 program was investigated for the results
of ight STS-61A. For the alternate pro�le, the alti-
tude of the turbopause is decreased and the rate at
which molecular weight drops o� with altitude above
the turbopause is increased relative to the 1976 U.S.
Standard Atmosphere value. For example, at an al-
titude of 140 km, the molecular weight given by this
alternate pro�le is approximately 20 percent lower
than the 1976 U.S. Standard Atmosphere value. Fig-
ure 72 shows density ratio results for ight STS-61A
with an alternate molecular weight pro�le. The
density ratio results do show improvement with
this alternate molecular weight pro�le. However,
these density ratio results are still not satisfac-
tory, and for further improvement, the molecular

weight pro�le approaches unrealistic values. There-
fore, the approach of changing the assumed molec-
ular weight does not appear to resolve density ratio
discrepancies.

Concluding Remarks

This report presents the data analysis procedure
for obtaining orbiter vehicle (OV) reentry aerody-
namic acceleration data sets from High Resolution
Accelerometer Package (HiRAP) and inertial mea-
surement unit (IMU) measurements made as the
OV descends through the free-molecular-, transition-,
and hypersonic-continuum-ow ight regimes. The
experimental data, analysis procedure, and results
from the �rst 10 Space Transportation System (STS)
HiRAP missions are presented and discussed. The
results of the data analysis on the acceleration mea-
surements are presented graphically for each step of
the process from raw data to atmospheric density as
a function of aerodynamic coe�cient component.

The purpose of the data reduction and calibration
procedures is to produce aerodynamic acceleration
component histories along the OV body axes from
the HiRAP and IMU measurements of the total ac-
celeration. The data reduction and calibration proce-
dures include correcting for the e�ects of orbiter rota-
tionally induced linear accelerations, reaction control
system impulses, auxiliary power units, and instru-
ment temperatures. The details of the data calibra-
tion and reduction procedures are described in this
document, and all source codes, ight parameters,
and constants used in the procedures are included.

Results of an aerodynamic analysis using the
aerodynamic acceleration components from each of
these 10 ights agree with expected results for 8 of
the ights. For the two ights for which results do not
agree with expected results (STS-51F and STS-61A),
possible sources of errors in the measurement and
processing of acceleration histories and in the aero-
dynamic analysis were investigated. The conclusions
from this error investigation show that instrument
misalignment, calibration scale factor, post auxiliary
power unit calibration procedures, and sensor range
modi�cation are not responsible for the density ratio
discrepancies for these two ights. However, a mal-
function of the modi�ed version of the instrument
that ew on only these two ights remains a proba-
ble source of error.

NASA Langley Research Center

Hampton, VA 23665-5225

January 2, 1992
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AppendixA

Summary of Flight Data Files

******************************************************************

STS-06

HiRAPS/N001

OEX FLIGHT SDCDATATAPES

TAPES SCIENCE HOUSEKEEP SCIENCETIMES

ST4859 1. NU1174 NU1229 DAY94,ASCENT

SCI061 HSKP061 66301-67660SEC.

18:25:01-18:47:40

ST4875 2. NE0520 NE0535 DAY96,ORBIT

SCI062 HSKP062 71881-74662SEC.

19:58:01-20:44:22

ST4860 3. NG0279 NG0280 DAY96,ORBIT

SCI063 HSKP063 72001-74164SEC.

20:00:01-20:36:04

ST4876 4. NE0609 NE0658 DAY98,ORBIT

SCI064 HSKP064 76561-78734SEC.

21:16:01-21:52:14

ST4853 5. NG0633 NG1066 DAY99,DESCENT

SCI065 HSKP065 64492-68192SEC.

17:54:52-18:56:32

+++++++++++++++++++++++++++++++++++++++++++++++++++++++

COARSE

DIRECT NUMBER ACCELEROMETER DIRECT NUMBER TEMPERATURE

ACCESS OF COUNTS ACCESS OF COUNTS

FILE POINTS MIN. MAX. FILE POINTS MIN. MAX.

SCI061 236000 X:0 16383 HSKP061 3689 X:75 104

Y:0 16383 Y:28 249

ASCENT Z:0 16383 Z:77 105

SCI062 440000 X:0 16017 HSKP062 6870 X:97 242

Y:38 16322 Y:69 128

ORBIT Z:0 14919 Z:97 239

SCI063 376000 X:0 15787 HSKP063 5869 X:98 242

Y:94 16256 Y:60 123

ORBIT Z:0 14919 Z:97 239

16



SCI064 377791 X:5177 9688 HSKP064 5902 X:105 125

Y:3356 16116 Y:28 249

ORBIT Z:1990 16383 Z:105 124

SCI065 643453 X:0 16383 HSKP064 10053 X:5 209

Y:0 16383 Y:6 214

DESCENT Z:0 16383 Z:6 209

DAY 99

EXTENDEDBETSOURCEFILE NC0709

AEROBETSOURCEFILE NK0917

-----------------------------------------------------------------
-----------------------------------------------------------------

STS-07

HiRAPS/N001

OEX FLIGHT SDCDATATAPES

TAPES SCIENCE HOUSEKEEP SCIENCETIMES

ST5075 1. NA0210 NA0216 DAY169,ASCENT

SCI071 HSKP071 41041-42362SEC.

11:24:01-11:46:02

ST5076 2. NA0254 NA0280 DAY175,ORBIT

SCI072 HSKP072 45656-47789SEC.

12:40:56-13:16:29

ST5077 3. ND0379 ND0571 DAY175,DESCENT

SCI073 HSKP073 47794-50492SEC.

13:16:34-14:01:32

+++++++++++++++++++++++++++++++++++++++++++++++++++++++

COARSE

DIRECT NUMBER ACCELEROMETER DIRECT NUMBER TEMPERATURE

ACCESS OF COUNTS ACCESS OF COUNTS

FILE POINTS MIN. MAX. FILE POINTS MIN. MAX.

SCI071 224000 X:0 16383 HSKP071 3504 X:85 114

Y:0 16383 Y:84 116

ASCENT Z:0 16383 Z:87 207

SCI072 370801 X:0 15825 HSKP072 5793 X:61 177

Y:0 16342 Y:63 230

ORBIT Z:0 16383 Z:62 207

SCI073 468871 X:5627 16383 HSKP073 7328 X:90 104

Y:0 16383 Y:96 228

DESCENT Z:0 16383 Z:90 207
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DAY 175

EXTENDEDBETSOURCEFILE NC0709

AEROBETSOURCEFILE NF1206

-----------------------------------------------------------------
-----------------------------------------------------------------

STS-08

HiRAPS/N001

OEX FLIGHT SDCDATATAPES

TAPES SCIENCE HOUSEKEEP SCIENCETIMES

ST5237 1. NU0229 NU0271 DAY242,ASCENT

SCI081 HSKP081 22921-24321SEC.

06:22:01-06:45:21

ST5238 2. NU0279 NU0632 DAY244,ORBIT

SCI082 HSKP082 25921-28297SEC.

07:12:01-07:51:37

ST5239 3. NU0705 NV0276 DAY248,DESCENT

SCI083 HSKP083 23581-27765SEC.

06:33:01-07:42:45

+++++++++++++++++++++++++++++++++++++++++++++++++++++++

COARSE

DIRECT NUMBER ACCELEROMETER DIRECT NUMBER TEMPERATURE

ACCESS OF COUNTS ACCESS OF COUNTS

FILE POINTS MIN. MAX. FILE POINTS MIN. MAX.

SCI081 238000 X:0 16383 HSKP081 3719 X:80 109

Y:0 16383 Y:80 110

ASCENT Z:0 16383 Z:82 110

SCI082 405763 X:0 8573 HSKP082 6339 X:76 173

Y:256 16270 Y:82 125

ORBIT Z:0 9142 Z:75 207

SCI083 723581 X:0 16383 HSKP083 11305 X:28 131

Y:0 16383 Y:27 116

DESCENT Z:0 16383 Z:29 207

DAY 248

EXTENDEDBETSOURCEFILE NC0709

AEROBETSOURCEFILE NX0484

-----------------------------------------------------------------
-----------------------------------------------------------------

STS-09

HiRAPS/N002

(BEFORERECALIBRATION)
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OEX FLIGHT SDCDATATAPES

TAPES SCIENCE HOUSEKEEP SCIENCETIMES

ST5340 1. NT0838 NT1010 DAY342,ORBIT

SCI091 HSKP091 9021-10802SEC.

02:30:21-03:00:02

ST5341 2. S092 NU0141 DAY342,ORBIT

SCI092 HSKP092 11701-15012SEC.

03:15:01-04:10:12

ST5342 3. NU0171 NU0204 DAY342,DESCENT

SCI093 HSKP093 81361-82352SEC.

22:36:01-22:52:32

ST5343 4. NU0231 NU0340 DAY342,DESCENT

SCI094 HSKP094 82381-85802SEC.

22:53:01-23:50:02

+++++++++++++++++++++++++++++++++++++++++++++++++++++++

COARSE

DIRECT NUMBER ACCELEROMETER DIRECT NUMBER TEMPERATURE

ACCESS OF COUNTS ACCESS OF COUNTS

FILE POINTS MIN. MAX. FILE POINTS MIN. MAX.

SCI091 307374 X:7537 13234 HSKP091 4809 X:42 247

Y:4594 16383 Y:42 234

ORBIT Z:263 10804 Z:42 237

SCI092 573000 X:9782 12615 HSKP092 8946 X:99 135

Y:6348 16383 Y:97 134

ORBIT Z:2055 16383 Z:98 135

SCI093 171391 X:0 13706 HSKP093 2677 X:91 119

Y:4413 11841 Y:91 118

DESCENT Z:0 11742 Z:91 118

SCI094 592449 X:0 16383 HSKP094 9258 X:119 146

Y:0 16383 Y:118 146

DESCENT Z:0 16383 Z:118 146

DAY 342

EXTENDEDBETSOURCEFILE NC0709

AEROBETSOURCEFILE NL0701

-----------------------------------------------------------------
-----------------------------------------------------------------

STS-41B

HiRAPS/N001
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OEX FLIGHT SDCDATATAPES

TAPES SCIENCE HOUSEKEEP SCIENCETIMES

ST5370 1. NF0156 NF0158 DAY34,ASCENT

SCI111 HSKP111 45901-48002SEC.

12:45:01-13:20:02

ST5371 2. NF0203 NF0205 DAY37,ORBIT

SCI112 HSKP112 53722-55132SEC.

14:55:22-15:18:52

ST5372 3. NF0206 NF0234 DAY42,DESCENT

SCI113 HSKP113 40501-44512SEC.

11:15:01-12:21:52

+++++++++++++++++++++++++++++++++++++++++++++++++++++++

COARSE

DIRECT NUMBER ACCELEROMETER DIRECT NUMBER TEMPERATURE

ACCESS OF COUNTS ACCESS OF COUNTS

FILE POINTS MIN. MAX. FILE POINTS MIN. MAX.

SCI111 365000 X:0 16383 HSKP111 5705 X:76 117

Y:0 16383 Y:75 120

ASCENT Z:0 16383 Z:78 118

SCI112 244000 X:1036 16376 HSKP112 3823 X:18 55

Y:12 16383 Y:18 59

ORBIT Z:4 16383 Z:20 55

SCI113 697104 X:0 16383 HSKP112 10891 X:28 72

Y:0 16383 Y:30 72

DESCENT Z:0 16383 Z:29 73

DAY 42

EXTENDEDBETSOURCEFILE NC0709

AEROBETSOURCEFILE NF0349

-----------------------------------------------------------------
-----------------------------------------------------------------

STS-41C

HiRAPS/N001

OEX FLIGHT SDCDATATAPES

TAPES SCIENCE HOUSEKEEP SCIENCETIMES

ST5630 1. NS0671 NS0672 DAY97,ASCENT

SCI131 HSKP131 49801-51422SEC.

13:50:01-14:17:02
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ST5631 2. NS0680 NS0813 DAY99,ORBIT

SCI132 HSKP132 57011-60102SEC.

15:51:51-16:41:42

ST5632 3. NS0816 NS0832 DAY101,ORBIT

SCI133 HSKP133 48661-48842SEC.

13:31:01-13:34:02

ST5633 4. NS0846 NS0909 DAY102,ORBIT

SCI134 SCI134 31321-31462SEC.

08:42:01-08:44:22

ST5634 5. NT1246 NU0376 DAY104,DESCENT

SCI135 HSKP135 44132-49372SEC.

12:15:32-13:42:52

+++++++++++++++++++++++++++++++++++++++++++++++++++++++

COARSE

DIRECT NUMBER ACCELEROMETER DIRECT NUMBER TEMPERATURE

ACCESS OF COUNTS ACCESS OF COUNTS

FILE POINTS MIN. MAX. FILE POINTS MIN. MAX.

SCI131 282000 X:0 11513 HSKP131 4403 X:75 104

Y:0 16383 Y:75 107

ASCENT Z:0 16383 Z:76 209

SCI132 516000 X:65 13970 HSKP132 8070 X:71 108

Y:3 16328 Y:76 114

ORBIT Z:0 16383 Z:72 107

SCI133 24447 X:5286 11950 HSKP133 381 X:49 53

Y:5070 10962 Y:51 56

ORBIT Z:0 12747 Z:50 54

SCI134 23551 X:0 11282 HSKP134 367 X:91 94

Y:5252 11046 Y:96 99

ORBIT Z:2862 11719 Z:91 94

SCI135 911020 X:0 16383 HSKP135 14236 X:59 243

Y:0 16383 Y:61 205

DESCENT Z:1 16383 Z:59 207

DAY 104

EXTENDEDBETSOURCEFILE NC0709

AEROBETSOURCEFILE NC0740

-----------------------------------------------------------------
-----------------------------------------------------------------

STS-51B

HiRAPS/N001
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OEX FLIGHT SDCDATATAPES

TAPES SCIENCE HOUSEKEEP SCIENCETIMES

JH51B8 1. NM0236 NM0323 DAY119,ASCENT

SCI241 HSKP241 57241-58762SEC.

15:54:01-16:19:22

JH51B9 2. NC0533 NC0805 DAY120,ORBIT

SCI242 HSKP242 7381-7842SEC.

02:03:01-02:10:42

JH5B10 3. ND1215 ND1218 DAY120,ORBIT

SCI243 HSKP243 80461-80941SEC.

22:21:01-22:29:01

JH5B11 4. ND1219 ND1237 DAY126,DESCENT

SCI244 SCI244 53450-56917SEC.

14:50:01-15:48:37

JH5B12 5. NK0659 NL0257 DAY126,DESCENT

SCI245 HSKP245 56911-57962SEC.

15:48:01-16:06:02

+++++++++++++++++++++++++++++++++++++++++++++++++++++++

COARSE

DIRECT NUMBER ACCELEROMETER DIRECT NUMBER TEMPERATURE

ACCESS OF COUNTS ACCESS OF COUNTS

FILE POINTS MIN. MAX. FILE POINTS MIN. MAX.

SCI241 264371 X:0 1040 HSKP241 4130 X:86 117

Y:0 16383 Y:86 120

ASCENT Z:0 16383 Z:88 117

SCI242 71422 X:6208 11736 HSKP242 1115 X:127 135

Y:234 11213 Y:131 139

ORBIT Z:6570 12244 Z:128 135

SCI243 81599 X:9020 9142 HSKP243 1274 X:137 142

Y:8265 8559 Y:143 148

ORBIT Z:9394 9683 Z:136 141

SCI244 593479 X:0 16383 HSKP244 9412 X:28 85

Y:0 16383 Y:28 90

DESCENT Z:0 16383 Z:30 204

SCI245 182591 X:16383 16383 HSKP245 X:

Y:0 16383 Y:

DESCENT Z:16383 16383 Z:
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DAY 126

EXTENDEDBETSOURCEFILE NC0709

AEROBETSOURCEFILE NN1264

-----------------------------------------------------------------
-----------------------------------------------------------------

STS-51F

HiRAPS/N002

(RECALIBRATED)

OEX FLIGHT SDCDATATAPES

TAPES SCIENCE HOUSEKEEP SCIENCETIMES

JH5F14 1. NY0338 NY0449 DAY210,ASCENT

SCI261 HSKP261 75181-76692SEC.

20:53:01-21:18:12

JH5F15 2. NY0340 NY0341 DAY213,ORBIT

SCI262 HSKP262 5401-6057SEC.

01:30:01-01:40:57

JH5F16 3. NY0342 NY0343 DAY218,DESCENT

SCI263 HSKP263 67021-68702SEC.

18:37:01-19:05:02

JH5F17 4. NY0344 NY0345 DAY218,DESCENT

SCI264 HSKP264 68697-69600SEC.

19:04:57-19:20:00

+++++++++++++++++++++++++++++++++++++++++++++++++++++++

COARSE

DIRECT NUMBER ACCELEROMETER DIRECT NUMBER TEMPERATURE

ACCESS OF COUNTS ACCESS OF COUNTS

FILE POINTS MIN. MAX. FILE POINTS MIN. MAX.

SCI261 241000 X:0 16383 HSKP261 3774 X:96 130

Y:0 16383 Y:51 129

ASCENT Z:0 16383 Z:104 216

SCI262 110590 X:0 12190 HSKP262 1727 X:108 116

Y:6845 16064 Y:106 114

ORBIT Z:0 10216 Z:107 116

SCI263 290532 X:0 16094 HSKP263 4550 X:83 100

Y:1552 16383 Y:81 98

DESCENT Z:0 15356 Z:82 215

SCI264 156087 X:0 16383 HSKP264 2454 X:99 107

Y:0 16383 Y:97 106

DESCENT Z:0 16383 Z:98 107

DAY 218

EXTENDEDBETSOURCEFILE NC0709

AEROBETSOURCEFILE NP1083
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-----------------------------------------------------------------
-----------------------------------------------------------------

STS-61A

HiRAPS/N002

(RECALIBRATED)

OEX FLIGHT SDCDATATAPES

TAPES SCIENCE HOUSEKEEP SCIENCETIMES

JH6A15 1. NM1180 NM1267 DAY303,ASCENT

SCI301 HSKP301 60661-64137SEC.

16:51:01-17:47:57

JH6A16 2. NM1271 NN0129 DAY303,ORBIT

SCI302 HSKP302 85021-492SEC.

23:37:01-00:08:12

JH6A17 3. NM1065 NS0628 DAY304,ORBIT

SCI303 HSKP303 23161-25552SEC.

06:26:01-07:05:52

JH6A18 4. NS0818 NS0844 DAY309,ORBIT

SCI304 HSKP304 78301-880277SEC.

21:45:01-22:17:52

JH6A19 5. NA0160 NA0260 DAY310,ORBIT

SCI305 HSKP305 27601-30022SEC.

07:40:01-08:20:22

JH6A20 6. NH1067 NH1155 DAY310,DESCENT

SCI306 HSKP306 59122-62482SEC.

16:25:22-17:21:22

JH6A21 7. NH1215 NM1216 DAY310,DESCENT

SCI307 HSKP307 62461-64132SEC.

17:21:01-17:48:52AxesXandZarepeggedfor

thisentirechannel.

+++++++++++++++++++++++++++++++++++++++++++++++++++++++

COARSE

DIRECT NUMBER ACCELEROMETER DIRECT NUMBER TEMPERATURE

ACCESS OF COUNTS ACCESS OF COUNTS

FILE POINTS MIN. MAX. FILE POINTS MIN. MAX.

SCI301 604000 X:0 13556 HSKP301 9442 X:79 138

Y:0 16383 Y:79 215

ASCENT Z:0 16383 Z:79 217

SCI302 318271 X:2184 4253 HSKP302 4972 X:143 178

Y:7117 12832 Y:142 186

ORBIT Z:2087 4129 Z:142 217
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SCI303 408000 X:3769 9084 HSKP303 6376 X:249 254

Y:5734 13944 Y:248 254

ORBIT Z:2915 8174 Z:249 254

SCI304 340991 X:0 3635 HSKP304 5327 X:79 101

Y:2020 12108 Y:77 99

ORBIT Z:1635 5347 Z:78 101

SCI305 420799 X:2009 3931 HSKP305 6574 X:102 128

Y:6742 9997 Y:100 127

ORBIT Z:1048 4455 Z:101 128

SCI306 584239 X:0 16383 HSKP306 9129 X:52 153

Y:0 16383 Y:59 153

DESCENT Z:0 16383 Z:121 215

SCI307 287871 X:0 16383 HSKP307 4497 X:148 154

Y:0 16383 Y:148 153

DESCENT Z:16383 16383 Z:147 154

DAY 310

EXTENDEDBETSOURCEFILE NC0709

AEROBETSOURCEFILE NY1721

-----------------------------------------------------------------
-----------------------------------------------------------------

STS-61C

HiRAPS/N001

(RECALIBRATED)

OEX FLIGHT SDCDATATAPES

TAPES SCIENCE HOUSEKEEP SCIENCETIMES

Files32xSand32xHhavenoheaderandarearchivedon882817C.

JHDT01 1. 321S 321H DAY15,ORBIT

SCI321 HSKP321 30311-32851SEC.

08:25:11-09:07:31

JHDT02 2. 322S 322H DAY16,ORBIT

SCI322 HSKP322 59363-61017SEC.

16:29:23-16:56:57

JHDT03 3. 323S 323H DAY17,ORBIT

SCI323 HSKP323 55246-56473SEC.

15:20:46-15:41:13

JH6C13 4. 324S 324H DAY18,DESCENT

SCI324 HSKP324 45818-47737SEC.

12:43:38-13:15:37
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JH6C13 5. 325S 325H DAY18,DESCENT

SCI325 HSKP325 47747-48429SEC.

13:15:47-13:27:09

JH6C13 6. 326S 326H DAY18,DESCENT

SCI326 HSKP326 48371-49000SEC.

13:26:11-13:36:40

+++++++++++++++++++++++++++++++++++++++++++++++++++++++

COARSE

DIRECT NUMBER ACCELEROMETER DIRECT NUMBER TEMPERATURE

ACCESS OF COUNTS ACCESS OF COUNTS

FILE POINTS MIN. MAX. FILE POINTS MIN. MAX.

SCI321 280975 X:6462 16383 HSKP321 4454 X:29 82

Y:5715 16383 Y:28 88

ORBIT Z:0 16383 Z:31 83

SCI322 183615 X:0 16383 HSKP322 2910 X:5* 101

Y:0 16383 Y:5* 108

ORBIT Z:0 16383 Z:5* 102

SCI323 136095 X:0 16383 HSKP323 2157 X:5* 132

Y:0 16383 Y:5* 139

ORBIT Z:0 16383 Z:5* 132

SCI324 213263 X:0 12803 HSKP324 3375 X:144 160

Y:3334 11835 Y:151 167

DESCENT Z:0 16383 Z:145 160

SCI325 77000 X:6703 12613 HSKP325 1199 X:159 165

Y:0 16383 Y:166 172

DESCENT Z:0 16383 Z:159 166

SCI326 71000 X:8762 16383 HSKP326 1104 X:164 169

Y:2059 16383 Y:171 175

DESCENT Z:0 16383 Z:164 170

*HSKP322:THESELOWCOUNTSOCCURDURINGLAST30SECONDSOFFILE

ONLY,OTHERWISE:XMIN=81,YMIN=87,ZMIN=83COUNTS.

*HSKP323:LAST10SECONDSONLY,OTHERWISE:XMIN=118,YMIN=124,

XMIN=119COUNTS.

DAY 18

EXTENDEDBETSOURCEFILE NC0709

AEROBETSOURCEFILE NG1083

-----------------------------------------------------------------
-----------------------------------------------------------------
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Appendix B

Orbiter Descent Event Times

Event Altitude, km Time, sec

STS-06

Time blanked out for APU shift 249 to 239 65 390 to 65 470

Deorbit burn 249 to 291 64 490 to 64 650

Pitch maneuver 291 to 284 64 725 to 65 000

X-axis saturation 85 66 447

Z-axis saturation 100 66 344

XBET epoch 289 64 510

ABET epoch 123 66 200

STS-07

Time blanked out for APU shift 253 to 239 47 520 to 47 625

Deorbit burn 295 to 297 46 560 to 46 730

Pitch maneuver 298 to 295 46 800 to 47 060

X-axis saturation 84 48 605

Z-axis saturation 97 48 520

XBET epoch 295 46 560

ABET epoch 208 47 840

STS-08

Time blanked out for APU shift 210 to 207 25 035 to 25 085

Deorbit burn 219 to 220 24 440 to 24 610

Pitch maneuver 220 to 211 24 700 to 25 020

X-axis saturation 84 26 086

Z-axis saturation 98 25 988

XBET epoch 219 24 450

ABET epoch 187 25 310

STS-09

Time blanked out for APU shift 217 to 214 82 950 to 82 990

Deorbit burn 240 to 238 82 320 to 82 480

Pitch maneuver 236 to 214 82 600 to 82 990

X-axis saturation 85 84 016

Z-axis saturation 97 83 935

XBET epoch 240 82 320

ABET epoch 161 83 843

STS-41B

Time blanked out for APU shift 236 to 233 41 534 to 41 559

Deorbit burn 276 to 277 40 560 to 40 750

Pitch maneuver 278 to 271 40 850 to 41 120

X-axis saturation 82 42 574

Z-axis saturation 97 42 474

XBET epoch 276 40 570

ABET epoch 252 41 380
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Event Altitude, km Time, sec

STS-41C

Time blanked out for APU shift 319 to 313 46 495 to 46 520

Deorbit burn 500 to 505 44 960 to 45 220

Pitch maneuver 506 to 500 45 300 to 45 500

X-axis saturation 90 47 480

Z-axis saturation 99 47 396

XBET epoch 500 44 600

ABET epoch 213 46 890

STS-51B

Time blanked out for APU shift 288 to 260 55 575 to 55 725

Deorbit burn 357 to 364 54 280 to 54 570

Pitch maneuver 365 to 362 54 658 to 54 887

X-axis saturation 85 56 627

Z-axis saturation 98 56 540

XBET epoch 357 54 282

ABET epoch 123 56 400

STS-51F

Time blanked out for APU shift 255 to 250 68 525 to 68 555

Deorbit burn 321 to 324 67 382 to 67 552

Pitch maneuver 325 to 322 67 690 to 67 851

X-axis saturation 79 69 553

Z-axis saturation 92 69 440

XBET epoch 321 67 372

ABET epoch 123 69 260

STS-61A

Time blanked out for APU shift 267 to 264 61 220 to 61 240

Deorbit burn 334 to 338 60 030 to 60 200

Pitch maneuver 340 to 339 60 269 to 60 504

X-axis saturation 79 62 276

Z-axis saturation 93 62 167

XBET epoch 334 60 022

ABET epoch 121 62 000

STS-61C

Time blanked out for APU shift 261 to 257 47 700 to 47 725

Deorbit burn 328 to 332 46 472 to 46 704

Pitch maneuver 334 to 329 46 815 to 47 065

X-axis saturation 84 48 711

Z-axis saturation 97 48 625

XBET epoch 328 46 462

ABET epoch 210 48 000
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Appendix C

Conversion of Temperature Counts to

Temperature

The algorithms used to convert temperature
counts into temperature for each sensor are presented
in this appendix. Temperature constants of the al-
gorithms are unique for every sensor and for every
calibration of the sensor. Also, some of the methods
vary between calibrations. The procedure that per-
tains to S/N 001 and S/N 002 (prior to modi�cation)
is based on reference 14. Refer to each subsequent
section for additional information pertaining to Hi-
RAP S/N 001 (prior to modi�cation) and to HiRAP
S/N 001 and S/N 002 (after modi�cation). The rest
of this appendix is extracted from references 9, 14,
15, and 16 with modi�cations as necessary.

From reference 14: The algorithms and lookup ta-
ble given in the �rst part of this appendix are derived
from data supplied by Bell Aerospace Textron for Hi-
RAP S/N 002. It is assumed that the characteristics
of the HiRAP S/N 001 sensors will be roughly similar
to those of the S/N 002 sensors and that the same
algorithms will be used with appropriate new entries
in the lookup tables.

The coarse ranges of the HiRAP coarse-�ne
temperature monitors cover approximately 23�F to
152�F, with small variations between sensors. The
eight �ne ranges of each sensor each cover about
17:65�F, with overlaps of 1:6�F to 2:4�F. At some
temperatures two �ne outputs are possible, depend-
ing upon which �ne range has been selected. There
is no indication in the HiRAP housekeeping channels
as to which �ne range to use, but reference to the
coarse output can resolve the ambiguity. The sim-
plest approach is to compute the two possible �ne
temperatures and then select whichever is closest to
the coarse temperature. Since the correct �ne tem-
perature should always be within about �0:5�F of
the coarse temperature, and the incorrect �ne tem-
perature should always be about �17�F di�erent,
there is no possibility of selecting the wrong value.

Let

VC coarse temperature monitor voltage

VF �ne temperature monitor voltage

TC coarse temperature, �F

TF �nal (correct) �ne temperature, �F

TM ; TM+1 candidate �ne temperatures, �F

M �ne range serial number, 1 to 8

KC coarse monitor scale factor (from table
C1 for each sensor), V=�F

KF �ne monitor scale factor (from
table C1 for each sensor), V=�F

�M temperature for zero volts in �ne
range M (from table C1 for each
sensor), �F

INT integral part of

Then
TC = �1 + VC=KC

M = INT(0:5 + 1:6VC)

Fine range number is either M or M + 1. If M = 0,
use 1. If M + 1 = 9, use B. Compute

TM = �M + VF =KF

and
TM+1 = �M+1 + VF =KF

Compare TM and TM+1 with TC and select which-

ever is within about �0:5�F of TC as the correct value
of TF . A minimum di�erence signi�cantly greater
than �0:5�F should be noted as an indication of pos-
sible changes in the coarse and/or �ne temperature
calibrations.

Table C1. Temperature Correction Constants
for HiRAP S/N 002

(a) X-axis
KC ; V=

�F . . . . . . . . . . . . . 0.03910
KF ; V=

�F . . . . . . . . . . . . . 0.28257
�M ; �F:
M = 1 . . . . . . . . . . . . . . 23.68
M = 2 . . . . . . . . . . . . . . 39.45
M = 3 . . . . . . . . . . . . . . 55.22
M = 4 . . . . . . . . . . . . . . 71.10
M = 5 . . . . . . . . . . . . . . 86.97
M = 6 . . . . . . . . . . . . . 102.44
M = 7 . . . . . . . . . . . . . 117.90
M = 8 . . . . . . . . . . . . . 133.71

(b) Y -axis
KC ; V=

�F . . . . . . . . . . . . . 0.03891
KF ; V=

�F . . . . . . . . . . . . . 0.28347
�M ; �F:
M = 1 . . . . . . . . . . . . . . 23.57
M = 2 . . . . . . . . . . . . . . 38.83
M = 3 . . . . . . . . . . . . . . 54.10
M = 4 . . . . . . . . . . . . . . 70.31
M = 5 . . . . . . . . . . . . . . 86.52
M = 6 . . . . . . . . . . . . . 102.32
M = 7 . . . . . . . . . . . . . 118.13
M = 8 . . . . . . . . . . . . . 134.17
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Table C1. Concluded

(c) Z-axis
KC ; V=

�F . . . . . . . . . . . . . 0.03904
KF ; V=

�F . . . . . . . . . . . . . 0.28254
�M ; �F:
M = 1 . . . . . . . . . . . . . . 23.86
M = 2 . . . . . . . . . . . . . . 39.50
M = 3 . . . . . . . . . . . . . . 55.15
M = 4 . . . . . . . . . . . . . . 70.84
M = 5 . . . . . . . . . . . . . . 86.53
M = 6 . . . . . . . . . . . . . 102.36
M = 7 . . . . . . . . . . . . . 118.20
M = 8 . . . . . . . . . . . . . 134.15

From reference 9: The method of calculating
temperatures [for S/N 001 (prior to modi�cation)] is
the same as that described in reference 14, except for
one minor di�erence. From reference 14 the equation
for calculating the coarse temperature is

TC = �1 + VC=KC

This equation is modi�ed to

TC = �C + VC=KC

where the relevant values of �C are given along with
KC , KF , and �M in tables C2. The reason for the
change is that the constant in one best-�t equation
for TC has been found to di�er from �1 by more than
0:1�F, although in a perfect system they should be
identical.

Table C2. Correction Constants for
HiRAP S/N 001

(a) X-axis
KC ; V=

�F . . . . . . . . . . . . . 0.04096
KF ; V=

�F . . . . . . . . . . . . . 0.29417
�C ;

�F . . . . . . . . . . . . . . . 30.70
�M ; �F:
M = 1 . . . . . . . . . . . . . . 30.56
M = 2 . . . . . . . . . . . . . . 45.74
M = 3 (\halfway" range) . . . . . . 60.75
M = 4 . . . . . . . . . . . . . . 75.76
M = 5 . . . . . . . . . . . . . . 90.83
M = 6 . . . . . . . . . . . . . 105.56
M = 7 (\halfway" range) . . . . . 120.57
M = 8 . . . . . . . . . . . . . 135.57

(b) Y -axis
KC ; V=

�F . . . . . . . . . . . . . 0.04089
KF ; V=

�F . . . . . . . . . . . . . 0.29420
�C ;

�F . . . . . . . . . . . . . . . 29.98

Table C2. Concluded

(b) Concluded
�M ; �F:
M = 1 . . . . . . . . . . . . . . 29.92
M = 2 . . . . . . . . . . . . . . 45.04
M = 3 (\halfway" range) . . . . . . 60.03
M = 4 . . . . . . . . . . . . . . 75.02
M = 5 . . . . . . . . . . . . . . 90.19
M = 6 . . . . . . . . . . . . . 105.11
M = 7 (\halfway" range) . . . . . 120.07
M = 8 . . . . . . . . . . . . . 135.04

(c) Z-axis
KC ; V=

�F . . . . . . . . . . . . . 0.04073
KF ; V=

�F . . . . . . . . . . . . . 0.29275
�C ;

�F . . . . . . . . . . . . . . . 29.91
�M ; �F:
M = 1 . . . . . . . . . . . . . . 29.99
M = 2 (\halfway" range) . . . . . . 44.97
M = 3 . . . . . . . . . . . . . . 59.95
M = 4 (\halfway" range) . . . . . . 75.06
M = 5 . . . . . . . . . . . . . . 90.17
M = 6 (\halfway" range) . . . . . 105.32
M = 7 . . . . . . . . . . . . . 120.47
M = 8 . . . . . . . . . . . . . 135.42

From reference 12: In reference 15, bias was
treated as a function of the corrected coarse tem-
perature monitor (CTM) voltage rather than as a
function of temperature, as was the case in all previ-
ous calibrations of HiRAP's. The same procedure is
followed here.

A best-�t temperature versus CTM voltage (or
corrected CTM voltage) function is included in the
data sheet for each axis, but it is not required for the
computation of bias.

The following is the method of calculating e�ec-
tive temperature monitor voltage. This is unchanged
from reference 15. Because each of the eight �ne tem-
perature ranges overlaps its neighbor's there may be
an ambiguity to be resolved. Let

VC coarse temperature monitor voltage

VF �ne temperature monitor voltage

Vc �nal (corrected) temperature monitor
voltage

M �ne range serial number, 1 to 8

G slope (gain) of VF relative to VC
VM value of VC corresponding to 0 V in

�ne range M

INT integral part of
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Then
M = INT(0:5 + 1:6VC)

Fine range number is either M or (M+1). IfM = 0,
use 1. If (M + 1) = 9, use 8. Compute

Vc1 = VM + VF =G

and
Vc2 = VM+1 + VF =G

Compare Vc1 and Vc2 with VC , and choose which-

ever is the closest as the value of Vc to be used
in computing bias|one value will always be much
closer than the other, so there will be no possibility
of an incorrect choice.

The appropriate values of G and VM are given in
tables C3 and C4. For each sensor axis the value
of G is given as a constant, since there were no
signi�cant variations with temperature. The worst-
case deviations from the mean values would produce
an error of less than 0.2 �g in the estimated bias.

Table C3. Temperature Monitor Constants
for S/N 001 After Recalibration

(a) X-axis�
From pp. 28, 60, 61, and 62 of ref. 15;

G = 7:181� 0:005

�

M VM ; V

1 �0.0014
2 .6127
3 1.2268
4 1.8407
5 2.4547
6 3.0685
7 3.6823
8 4.2963

(b) Y -axis�
From pp. 31, 64, 65, and 66 of ref. 15;

G = 7:186� 0:003

�

M VM ; V

1 0.0000
2 .6142
3 1.2283
4 1.8424
5 2.4564
6 3.0704
7 3.6843
8 4.2981

Table C3. Concluded

(c) Z-axis�
From pp. 34, 68, 69, and 70 of ref. 15;

G = 7:192� 0:004

�

M VM ; V

1 �0.0002
2 .6140
3 1.2281
4 1.8424
5 2.4566
6 3.0705
7 3.6845
8 4.2984

Table C4. Temperature Monitor Constants
for S/N 002 After Recalibration

(a) X-axis

[From ref. 16; G = 7:221� 0:020]

M VM ; V

1
2 0.6158
3 1.2302
4 1.8463
5 2.4609
6 3.0759
7 3.6912
8 4.3047

(b) Y -axis

[From ref. 16; G = 7:1787� 0:0038]

M VM ; V

1
2 0.6145
3
4
5 2.4582
6 3.0729
7 3.6875
8 4.3021
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Table C4. Concluded

(c) Z-axis

[From ref. 16; G = 7:1798� 0:0019]

M VM ; V

1
2 0.6141
3
4
5 2.4579
6 3.0726
7 3.6874
8 4.3019
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Appendix D

Data Tape Volume Serial Number (VSN) Identi�ers of RCS Chamber Pressure Tapes

and RCS Zero Reference Values

NJ0978

NJ0978

1



Appendix E

Orbiter Weight at Entry and Center-of-Gravity Locations

Center of gravity, in., at entry interface along|

Weight at
Flight entry interface, lb X-axis Y -axis Z-axis

STS-06 191 384.0 1101.2 0.3 371.5
STS-07 204 983.0 1091.3 �.6 373.3
STS-08 205 020.0 1091.5 �.1 373.5
STS-09 221 143.4 1087.3 �.1 373.7
STS-41B 202 966.5 1090.7 1.3 372.6
STS-41C 198 152.8 1101.5 �.1 371.6
STS-51B 214 787.4 1085.7 �.3 373.4
STS-51F 218 227.4 1082.3 �.6 373.4
STS-61A 215 255.4 1085.5 �.4 374.2
STS-61C 211 194.4 1085.2 .4 371.4
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Appendix F

Ground Calibration Procedure

Each sensor is calibrated before its delivery, prior
to installation, and again after the sensor is repaired
or modi�ed. The purpose of the calibration is to eval-
uate the bias and bias slope of the instrument with
change in temperature. The calibration also evalu-
ates the change of scale factor with temperature. The
basic procedure of the calibration is described in the
following sections, which are from reference 14 with
some modi�cation.

Temperature Correction of Accelerometer

Scale Factor

The scale factors for each HiRAP sensor are de-
termined at �ve temperatures, nominally 30�F, 60�F,
90�F, 120�F, and 150�F. In practice, the actual cali-
bration temperatures may di�er by up to �5�F from
the nominals. The method of �nding the scale fac-
tor used in processing HiRAP data is to calculate the
�ne temperature TF , as described in appendix B. Let

r reference temperature serial num-
ber, from 1 to 5

Tr reference temperature at serial r, �F

Kr scale factor at serial r, V/mg

KT;r scale factor temperature coe�cient
from r to r + 1, (V/mg)/�F

All these quantities appear in the lookup tables given
in the calibration reports for each particular sensor
(refs. 9, 12, 15, and 17).

The procedure is to step r from 1 to 4 until TF
lies between Tr and Tr+1. The corrected scale factor
K is then given by

K = Kr + (TF � Tr)KT;r V=mg

Temperature Correction of Accelerometer

Bias

The bias of each HiRAP sensor can be as much
as �1 mg, with slow drifts over time as well as over
temperature. The only way of obtaining measure-
ments during entry that are accurate to �10 �g or
better is to record the sensor's output and its tem-
perature during a quiet period in orbit shortly be-
fore entry and then, with this treated as the datum,
compute the bias shifts due to subsequent changes in
temperature.

The bias of each sensor is measured at the same
�ve temperatures as the scale factor, but the absolute

values are of no interest, only the di�erences over
each temperature interval. To correct bias during
ight data processing, the di�erence in calibration
bias from the nominal 30�F value is recorded in the
lookup tables given in the calibration reports for
each sensor (refs. 9, 12, 15, and 17), along with the
bias temperature coe�cient over each temperature
interval. The bias changes relative to the 30�F value
are computed for the datum on-orbit temperature
and the particular entry temperature, the di�erence
between these two being the required bias correction
for temperature.

Let

r reference temperature serial number,
1 to 5

Tr reference temperature at serial r, �F

Br bias at serial r relative to nominal
30�F value, �g

BT;r bias temperature coe�cient over
interval from serial r to r + 1,
(Br+1 � Br)(Tr+1 � Tr); �g

The above quantities appear in the lookup tables
given in the calibration reports for each particular
sensor.

Also de�ne the following:

TF;0 datum on-orbit �ne temperature, �F

TF;1 entry �ne temperature, �F

B0 bias at TF;0 relative to nominal 30�F

value, �g

B1 bias at TF;1 relative to nominal 30�F

value, �g

�B0 bias change from datum, �g

Step r from 1 to 4 until TF;0 lies between Tr and
Tr+1. Then

B0 = Br + (TF;0 � Tr)BT;r �g

(This need be computed only once.) Step r0 from 1
to 4 until TF;1 lies between Tr0 and Tr+1. Then

B1 = Br0 + (TF;1 � Tr0)BT;r0 �g

and
�B0 = B1 �B0 �g

For an example of this procedure, see reference 14.
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Appendix G

Temperature Biases and Bias Slopes

The following table shows the value of bias and
bias slope for each ight of the HiRAP experiment.
The results given for the post-APU procedure of
bias calibration are evaluated at the midpoint of
the 400-sec section of data used for this method
of calibration. The values of bias and bias slope

calculated with the laboratory-derived relation of
bias versus temperature (or voltage) are evaluated at
the temperature (or voltage) given at the midpoint
of the 400-sec calibration period. These results are
given as ground calibration in the table below. For
the Z-axis an alternate method of bias evaluation
is applied, as described in the main text. The
results with this method used to evaluate bias on the
Z-axis are given in the table below as an alternate
procedure.

X-axis

Bias slope, �g=�F, from| Bias, �g, from|

Post-APU Ground calibration Post-APU Ground calibration
Flight procedure procedure procedure procedure

STS-06 �30.6 �26.0 �1457 �1394
STS-07 �22.3 �20.0 �279 �190
STS-08 �26.7 �20.4 �43 51
STS-09 �23.3 �16.4 �3121 �676
STS-41B �25.5 �21.1 107 217
STS-41C �22.8 �20.0 �357 �210
STS-51B �23.8 �20.0 �320 �50
STS-51F �18.2 �18.8 5448 5426
STS-61A �21.4 �17.3 4942 4968
STS-61C �27.9 �25.3 �2054 �2098

Y -axis

Bias slope, �g=�F, from| Bias, �g, from|

Post-APU Ground calibration Post-APU Ground calibration
Flight procedure procedure procedure procedure

STS-06 10.5 15.0 495 485
STS-07 4.1 10.0 �8 �19
STS-08 8.9 10.6 �91 �90
STS-09 29.7 23.6 808 �493
STS-41B 4.1 10.3 �148 �153
STS-41C 27.8 9.1 �5 �13
STS-51B 6.1 10.9 59 �61
STS-51F 29.0 29.9 889 824
STS-61A 27.7 28.9 1656 1513
STS-61C 15.3 13.5 872 807
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Z-axis

Bias slope, �g=�F, from| Bias, �g, from|

Post-APU Ground calibration Alternate Post-APU Ground calibration Alternate
Flight procedure procedure procedure procedure procedure procedure

STS-06 �21.2 �15.8 (a) �1587 �1666 �1586
STS-07 �19.3 �20.0

?
?

�617 �722 �617
STS-08 �28.3 �21.6

?
?

�389 �494 �389
STS-09 �13.0 �8.7

?
?

�224 �216 �223
STS-41B �25.3 �19.9

?
?

�212 �362 �213
STS-41C �19.7 �19.9

?
?

�659 �742 �660
STS-51B �22.1 �21.0

?
?

�615 �579 �614
STS-51F �12.4 �12.0

?
? 5449 5404 5449

STS-61A �9.9 �10.7
?
? 5195 5126 5198

STS-61C �18.5 �18.0

?
y

�1806 �1977 �1804

aNot available.
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Source Codes
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Table 1. STS HiRAP Missions

�
The number used in this report to identify each mission is given with

instrument, orbiter name, and entry date

�

System data
Mission �le number Instrument Orbiter Entry date
STS-06 6 S/N 001 Challenger 4/9/83
STS-07 7 S/N 001 Challenger 6/24/83
STS-08 8 S/N 001 Challenger 9/5/83
STS-09 9 S/N 002 Columbia 12/8/83
STS-41B 11 S/N 001 Challenger 2/11/84
STS-41C 13 S/N 001 Challenger 4/13/84
STS-51B 24 S/N 001 Challenger 5/6/85
STS-51F 26 S/N 002 Challenger 8/6/85
STS-61A 30 S/N 002 Challenger 11/6/85
STS-61C 32 S/N 001 Columbia 1/18/86

Table 2. HiRAP Ground Calibration Scale Factors

Scale factor, V/�g, for acceleration along|

Instrument and ight X-axis Y -axis Z-axis

S/N 001 before recalibration �1:247237� 10�3 1:253821� 10�3 1:26810� 10�3

(STS-06, 07, 08, 41B, 41C, and 51B)

S/N 001 after recalibration �1:24720� 10�3 1:269482� 10�3 �1:256565� 10�3

(STS-61C)

S/N 002 before recalibration �1:24857� 10�3 1:269482� 10�3 �1:256565� 10�3

(STS-09)

S/N 002 after recalibration �1:250035� 10�3 1:271533� 10�3 �1:253671� 10�3

(STS-51F, 61A) �(1:283124� 10�6)V 2

T
�(1:344372� 10�6)VT �(2:584656� 10�6)VT

+(0:1437924� 10�6)V 3

T
+(0:04102193� 10�3)V 2

T
+(1:044413� 10�6)V 2

T

�(0:1370558� 10�6)V 3

T
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Figure 1. Arrangement of HiRAP accelerometer triad in the Space Shuttle orbiter vehicle.

Figure 2. Shuttle reentry trajectories overlaid on Earth globe. Mission number and ight date (month/year)
shown for each ight.

(a) X-axis acceleration counts.

(b) Z-axis acceleration counts.

Figure 3. Acceleration counts and sensor temperature versus time for STS-06.

(c) Y -axis acceleration counts.

(d) X-, Y -, and Z-axis temperatures.

Figure 3. Concluded.

(a) X-axis acceleration counts.

(b) Z-axis acceleration counts.

Figure 4. Acceleration counts and sensor temperature versus time for STS-07.

(c) Y -axis acceleration counts.

(d) X-, Y -, and Z-axis temperatures.

Figure 4. Concluded.

(a) X-axis acceleration counts.

(b) Z-axis acceleration counts.

Figure 5. Acceleration counts and sensor temperature versus time for STS-08.

(c) Y -axis acceleration counts.

(d) X-, Y -, and Z-axis temperatures.

Figure 5. Concluded.

(a) X-axis acceleration counts.

(b) Z-axis acceleration counts.

Figure 6. Acceleration counts, sensor temperature, and sensor temperature counts versus time for STS-09.

(c) Y -axis acceleration counts.

(d) X-, Y -, and Z-axis temperatures.

Figure 6. Continued.
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(e) X-, Y -, and Z-axis temperature.

(f) X-, Y -, and Z-axis �ne temperature counts.

Figure 6. Continued.

(g) X-, Y -, and Z-axis coarse temperature counts.

Figure 6. Concluded.

(a) X-axis acceleration counts.

(b) Z-axis acceleration counts.

Figure 7. Acceleration counts and sensor temperature versus time for STS-41B.

(c) Y -axis acceleration counts.

(d) X-, Y -, and Z-axis temperatures.

Figure 7. Concluded.

(a) X-axis acceleration counts.

(b) Z-axis acceleration counts.

Figure 8. Acceleration counts and sensor temperature versus time for STS-41C.

(c) Y -axis acceleration counts.

(d) X-, Y -, and Z-axis temperatures.

Figure 8. Concluded.

(a) X-axis acceleration counts.

(b) Z-axis acceleration counts.

Figure 9. Acceleration counts and sensor temperature versus time for STS-51B.

(c) Y -axis acceleration counts.

(d) X-, Y -, and Z-axis temperatures.

Figure 9. Concluded.

(a) X-axis acceleration counts.

(b) Z-axis acceleration counts.

Figure 10. Acceleration counts and sensor temperature versus time for STS-51F.
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(c) Y -axis acceleration counts.

(d) X-, Y -, and Z-axis temperatures.

Figure 10. Concluded.

(a) X-axis acceleration counts.

(b) Z-axis acceleration counts.

Figure 11. Acceleration counts and sensor temperature versus time for STS-61A.

(c) Y -axis acceleration counts.

(d) X-, Y -, and Z-axis temperatures.

Figure 11. Concluded.

(a) X-axis acceleration counts.

(b) Z-axis acceleration counts.

Figure 12. Acceleration counts and sensor temperature versus time for STS-61C.

(c) Y -axis acceleration counts.

(d) X-, Y -, and Z-axis temperatures.

Figure 12. Concluded.

(a) Altitude versus time.

Figure 13. Time and altitude histories of orbiter state vector subset data for STS-06.

(b) Angle of attack versus altitude.

(c) Angle of attack versus time.

Figure 13. Continued.

(d) Body ap deection versus altitude.

(e) Body ap deection versus time.

Figure 13. Continued.

(f) Elevon deection versus altitude.

(g) Elevon deection versus time.

Figure 13. Concluded.

(a) Altitude versus time.

Figure 14. Time and altitude histories of orbiter state vector data subset for STS-07.
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(b) Angle of attack versus altitude.

(c) Angle of attack versus time.

Figure 14. Continued.

(d) Body ap deection versus altitude.

(e) Body ap deection versus time.

Figure 14. Continued.

(f) Elevon deection versus altitude.

(g) Elevon deection versus time.

Figure 14. Concluded.

(a) Altitude versus time.

Figure 15. Time and altitude histories of orbiter state vector data subset for STS-08.

(b) Angle of attack versus altitude.

(c) Angle of attack versus time.

Figure 15. Continued.

(d) Body ap deection versus altitude.

(e) Body ap deection versus time.

Figure 15. Continued.

(f) Elevon deection versus altitude.

(g) Elevon deection versus time.

Figure 15. Concluded.

(a) Altitude versus time.

Figure 16. Time and altitude histories of orbiter state vector data subset for STS-09.

(b) Angle of attack versus altitude.

(c) Angle of attack versus time.

Figure 16. Continued.

(d) Body ap deection versus altitude.

(e) Body ap deection versus time.

Figure 16. Continued.
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(f) Elevon deection versus altitude.

(g) Elevon deection versus time.

Figure 16. Concluded.

(a) Altitude versus time.

Figure 17. Time and altitude histories of orbiter state vector data subset for STS-41B.

(b) Angle of attack versus altitude.

(c) Angle of attack versus time.

Figure 17. Continued.

(d) Body ap deection versus altitude.

(e) Body ap deection versus time.

Figure 17. Continued.

(f) Elevon deection versus altitude.

(g) Elevon deection versus time.

Figure 17. Concluded.

(a) Altitude versus time.

Figure 18. Time and altitude histories of orbiter state vector data subset for STS-41C.

(b) Angle of attack versus altitude.

(c) Angle of attack versus time.

Figure 18. Continued.

(d) Body ap deection versus altitude.

(e) Body ap deection versus time.

Figure 18. Continued.

(f) Elevon deection versus altitude.

(g) Elevon deection versus time.

Figure 18. Concluded.

(a) Altitude versus time.

Figure 19. Time and altitude histories of orbiter state vector data subset for STS-51B.
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(b) Angle of attack versus altitude.

(c) Angle of attack versus time.

Figure 19. Continued.

(d) Body ap deection versus altitude.

(e) Body ap deection versus time.

Figure 19. Continued.

(f) Elevon deection versus altitude.

(g) Elevon deection versus time.

Figure 19. Concluded.

(a) Altitude versus time.

Figure 20. Time and altitude histories of orbiter state vector data subset for STS-51F.

(b) Angle of attack versus altitude.

(c) Angle of attack versus time.

Figure 20. Continued.

(d) Body ap deection versus altitude.

(e) Body ap deection versus time.

Figure 20. Continued.

(f) Elevon deection versus altitude.

(g) Elevon deection versus time.

Figure 20. Concluded.

(a) Altitude versus time.

Figure 21. Time and altitude histories of orbiter state vector data subset for STS-61A.

(b) Angle of attack versus altitude.

(c) Angle of attack versus time.

Figure 21. Continued.

(d) Body ap deection versus altitude.

(e) Body ap deection versus time.

Figure 21. Concluded.
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(f) Elevon deection versus altitude.

(g) Elevon deection versus time.

Figure 21. Concluded.

(a) Altitude versus time.

Figure 22. Time and altitude histories of orbiter state vector data subset for STS-61C.

(b) Angle of attack versus altitude.

(c) Angle of attack versus time.

Figure 22. Continued.

(d) Body ap deection versus altitude.

(e) Body ap deection versus time.

Figure 22. Continued.

(f) Elevon deection versus altitude.

(g) Elevon deection versus time.

Figure 22. Concluded.

(a) X-axis acceleration and time-line events.

Figure 23. Section of acceleration data for STS-61C with time-line events labeled.

(b) Y -axis acceleration and time-line events.

Figure 23. Continued.

(c) Z-axis acceleration and time-line events.

Figure 23. Concluded.

(a) X-axis acceleration.

(b) Y -axis acceleration.

Figure 24. Section of acceleration data for STS-61C with RCS thruster activity.

(c) Z-axis acceleration.

Figure 24. Concluded.

(a) X-axis acceleration.

(b) Y -axis acceleration.
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(c) Z-axis acceleration.

Figure 25. Section of acceleration data for STS-61C without RCS thruster activity.

(a) X-axis acceleration.

(b) Z-axis acceleration.

Figure 26. Acceleration versus time (no RCS signal) for STS-06.

(c) Y -axis acceleration.

Figure 26. Concluded.

(a) X-axis acceleration.

(b) Z-axis acceleration.

Figure 27. Acceleration versus time (no RCS signal) for STS-07.

(c) Y -axis acceleration.

Figure 27. Concluded.

(a) X-axis acceleration.

(b) Z-axis acceleration.

Figure 28. Acceleration versus time (no RCS signal) for STS-08.

(c) Y -axis acceleration.

Figure 28. Concluded.

(a) X-axis acceleration.

(b) Z-axis acceleration.

Figure 29. Acceleration versus time (no RCS signal) for STS-09.

(c) Y -axis acceleration.

Figure 29. Concluded.
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(a) X-axis acceleration.

(b) Z-axis acceleration.

Figure 30. Acceleration versus time (no RCS signal) for STS-41B.

(c) Y -axis acceleration.

Figure 30. Concluded.

(a) X-axis acceleration.

(b) Z-axis acceleration.

Figure 31. Acceleration versus time (no RCS signal) for STS-41C.

(c) Y -axis acceleration.

Figure 31. Concluded.

(a) X-axis acceleration.

(b) Z-axis acceleration.

Figure 32. Acceleration versus time (no RCS signal) for STS-51B.

(c) Y -axis acceleration.

Figure 32. Concluded.

(a) X-axis acceleration.

(b) Z-axis acceleration.

Figure 33. Acceleration versus time (no RCS signal) for STS-51F.

(c) Y -axis acceleration.

Figure 33. Concluded.

(a) X-axis acceleration.

(b) Z-axis acceleration.

Figure 34. Acceleration versus time (no RCS signal) for STS-61A.

(c) Y -axis acceleration.

Figure 34. Concluded.
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(a) X-axis acceleration.

(b) Z-axis acceleration.

Figure 35. Acceleration versus time (no RCS signal) for STS-61C.

(c) Y -axis acceleration.

Figure 35. Concluded.

(a) X-axis acceleration.

(b) Z-axis acceleration.

Figure 36. Acceleration versus time (after data gap �lling) for STS-06.

(c) Y -axis acceleration.

Figure 36. Concluded.

(a) X-axis acceleration.

(b) Z-axis acceleration.

Figure 37. Acceleration versus time (after data gap �lling) for STS-07.

(c) Y -axis acceleration.

Figure 37. Concluded.

(a) X-axis acceleration.

(b) Z-axis acceleration.

Figure 38. Acceleration versus time (after data gap �lling) for STS-08.

(c) Y -axis acceleration.

Figure 38. Concluded.

(a) X-axis acceleration.

(b) Z-axis acceleration.

Figure 39. Acceleration versus time (after data gap �lling) for STS-09.

(c) Y -axis acceleration.

Figure 39. Concluded.
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(a) X-axis acceleration.

(b) Z-axis acceleration.

Figure 40. Acceleration versus time (after data gap �lling) for STS-41B.

(c) Y -axis acceleration.

Figure 40. Concluded.

(a) X-axis acceleration.

(b) Z-axis acceleration.

Figure 41. Acceleration versus time (after data gap �lling) for STS-41C.

(c) Y -axis acceleration.

Figure 41. Concluded.

(a) X-axis acceleration.

(b) Z-axis acceleration.

Figure 42. Acceleration versus time (after data gap �lling) for STS-51B.

(c) Y -axis acceleration.

Figure 42. Concluded.

(a) X-axis acceleration.

(b) Z-axis acceleration.

Figure 43. Acceleration versus time (after data gap �lling) for STS-51F.

(c) Y -axis acceleration.

Figure 43. Concluded.

(a) X-axis acceleration.

(b) Z-axis acceleration.

Figure 44. Acceleration versus time (after data gap �lling) for STS-61A.

(c) Y -axis acceleration.

Figure 44. Concluded.
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(a) X-axis acceleration.

(b) Z-axis acceleration.

Figure 45. Acceleration versus time (after data gap �lling) for STS-61C.

(c) Y -axis acceleration.

Figure 45. Concluded.

(a) X-axis acceleration.

(b) Z-axis acceleration.

Figure 46. One-second averaged aerodynamic acceleration data versus time for STS-06.

(c) Y -axis acceleration.

Figure 46. Concluded.

(a) X-axis acceleration.

(b) Z-axis acceleration.

Figure 47. One-second averaged aerodynamic acceleration data versus time for STS-07.

(c) Y -axis acceleration.

Figure 47. Concluded.

(a) X-axis acceleration.

(b) Z-axis acceleration.

Figure 48. One-second averaged aerodynamic acceleration data versus time for STS-08.

(c) Y -axis acceleration.

Figure 48. Concluded.

(a) X-axis acceleration.

(b) Z-axis acceleration.

Figure 49. One-second averaged aerodynamic acceleration data versus time for STS-09.

(c) Y -axis acceleration.

Figure 49. Concluded.
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(a) X-axis acceleration.

(b) Z-axis acceleration.

Figure 50. One-second averaged aerodynamic acceleration data versus time for STS-41B.

(c) Y -axis acceleration.

Figure 50. Concluded.

(a) X-axis acceleration.

(b) Z-axis acceleration.

Figure 51. One-second averaged aerodynamic acceleration data versus time for STS-41C.

(c) Y -axis acceleration.

Figure 51. Concluded.

(a) X-axis acceleration.

(b) Z-axis acceleration.

Figure 52. One-second averaged aerodynamic acceleration data versus time for STS-51B.

(c) Y -axis acceleration.

Figure 52. Concluded.

(a) X-axis acceleration.

(b) Z-axis acceleration.

Figure 53. One-second averaged aerodynamic acceleration data versus time for STS-51F.

(c) Y -axis acceleration.

Figure 53. Concluded.

(a) X-axis acceleration.

(b) Z-axis acceleration.

Figure 54. One-second averaged aerodynamic acceleration data versus time for STS-61A.

(c) Y -axis acceleration.

Figure 54. Concluded.

(a) X-axis acceleration.

(b) Z-axis acceleration.

Figure 55. One-second averaged aerodynamic acceleration data versus time for STS-61C.
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(c) Y -axis acceleration.

Figure 55. Concluded.

Figure 56. Normalized force coe�cients versus Knudsen number.

Figure 57. Axial- and normal-force coe�cients versus angle of attack.

Figure 58. Incremental axial- and normal-force coe�cients versus body ap deection.

Figure 59. Incremental axial- and normal-force coe�cients versus elevon deection.

(a) Pro�le of ratio of calculated normal component of density to calculated axial component of density.

(b) Pro�le of calculated density normalized to 1976 U.S. Standard Atmosphere (ref. 1) model pro�le.

Figure 60. Density analysis results for STS-06.

(a) Pro�le of ratio of calculated normal component of density to calculated axial component of density.

(b) Pro�le of calculated density normalized to 1976 U.S. Standard Atmosphere (ref. 1) model pro�le.

Figure 61. Density analysis results for STS-07.

(a) Pro�le of ratio of calculated normal component of density to calculated axial component of density.

(b) Pro�le of calculated density normalized to 1976 U.S. Standard Atmosphere (ref. 1) model pro�le.

Figure 62. Density analysis results for STS-08.

(a) Pro�le of ratio of calculated normal component of density to calculated axial component of density.

(b) Pro�le of calculated density normalized to 1976 U.S. Standard Atmosphere (ref. 1) model pro�le.

Figure 63. Density analysis results for STS-09.

(a) Pro�le of ratio of calculated normal component of density to calculated axial component of density.

(b) Pro�le of calculated density normalized to 1976 U.S. Standard Atmosphere (ref. 1) model pro�le.

Figure 64. Density analysis results for STS-41B.

(a) Pro�le of ratio of calculated normal component of density to calculated axial component of density.

(b) Pro�le of calculated density normalized to 1976 U.S. Standard Atmosphere (ref. 1) model pro�le.

Figure 65. Density analysis results for STS-41C.

(a) Pro�le of ratio of calculated normal component of density to calculated axial component of density.

(b) Pro�le of calculated density normalized to 1976 U.S. Standard Atmosphere (ref. 1) model pro�le.

Figure 66. Density analysis results for STS-51B.
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(a) Pro�le of ratio of calculated normal component of density to calculated axial component of density.

(b) Pro�le of calculated density normalized to 1976 U.S. Standard Atmosphere (ref. 1) model pro�le.

Figure 67. Density analysis results for STS-51F.

(a) Pro�le of ratio of calculated normal component of density to calculated axial component of density.

(b) Pro�le of calculated density normalized to 1976 U.S. Standard Atmosphere (ref. 1) model pro�le.

Figure 68. Density analysis results for STS-61A.

(a) Pro�le of ratio of calculated normal component of density to calculated axial component of density.

(b) Pro�le of calculated density normalized to 1976 U.S. Standard Atmosphere (ref. 1) model pro�le.

Figure 69. Density analysis results for STS-61C.

(a) Pro�le of ratio of calculated normal component of density to calculated axial component of density.

(b) Calculated density normalized to 1976 U.S. Standard Atmosphere (ref. 1) model estimate.

Figure 70. Density analysis results for STS-61A simulating correction of �1� misalignment.

(a) Pro�le of ratio of calculated normal component of density to calculated axial component of density.

(b) Pro�le of normal coe�cient.

Figure 71. Density analysis results for STS-61A showing correlation with normal coe�cient.

(a) Pro�le of ratio of calculated normal component of density to calculated axial component of density.

(b) 1976 U.S. Standard Atmosphere (ref. 1) pro�le of molecular weight and alternate pro�le of molecular weight
used to generate results.

Figure 72. Density analysis results for STS-61A with alternate molecular weight pro�le.
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